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GLOSSARY

Accuracy: A measure of the difference between the actual and theoretical values in an
experiment.
Balling: Surface defects in a material caused by oxidation and unstable melting .
Bulk-forming: Family of manufacturing processes in which a billet or block of solid
material is formed into the desired geometry without removing or melting the material.
Examples of bulk-forming processes are forging, rolling, extrusion, drawing, and sheet
metal operations.
CAD model: Computer-aided design model; 3-D digital representation of part geometry.
Datasheet: Handout or publication describing the various properties of a material,
usually for a specific processing category (i.e. a datasheet for bulk-formed 1040 steel).
Delamination: Separation of material layers due to stresses or defects in the material
structure. While formerly only an issue with composite materials, this is sometimes a
failure mode for additive layer manufacturing.
DFM: Design-for-manufacturability.
Effects or Main Effects: Factors in an experiment that are studied for their influence on
the experimental response.
Elastic deformation: Material deformation caused by application of a load and which is
reversible (i.e. the material returns to its original state when the load is removed).
FEA: Finite-element analysis.
Feature: See Part body. A feature is a physical aspect of a part that has some specific
purpose, such as a protrusion, hole, or boss, and which is not part of the basic part body.
Interactions: See Effects. Interactions are additional interesting effects in an experiment
that are generated by the combinations of the various main effects. The interactions can
have as much or more influence on the experimental response than the main effects in
certain cases.
Lattice structure: Framework of small, thin sections of material arranged in 3-D grid
pattern of some sort.
Legacy: An obsolete machine, design, or system that is still in service because replacing
it would be difficult or impractical.

xii

Level of significance: Probability that the null hypothesis is true and is still rejected by a
hypothesis test (type I error).
Overhang: For the purposes of the present thesis, an overhang is defined as an
unsupported feature that juts out from the part such that φ = (0º, 140º) as shown in Figure
0.1.1.

Figure 0.1.1: Overhang

Part: See Part body and Feature. The part is the entire geometry, including both the part
body and all the features.
Part body: The main body or “block” of the part that does not include any features.
Partially-formed structure: A material geometry that is solid but varies in density and
properties throughout different regions of the material. In power-bed additive
manufacturing, this is typically accomplished using a combination of melting and
sintering in order to save weight, material, and energy or to give the part specific
structural properties.
Plastic deformation: Material deformation caused by application of a load and which is
not reversible (i.e. the material permanently deforms and does not returns to its original
state when the load is removed).
Precision: A measure of how well the experimental responses match with each other for
multiple replications with the same factors. It is usually used to describe how repeatable
the experiment is.
Published literature: For the purposes of the present thesis, published literature consists
of peer-reviewed journal articles, published conference papers, and books from wellknown technical publishers such as Springer and Wiley & Sons. With only a couple of
exceptions, works such as dissertations, theses, websites, datasheets, summary books,
handouts, and funding proposals are not considered published literature, even though they
may be used as references.
xiii

SLM: Selective laser melting.
Subtractive manufacturing: Family of traditional manufacturing methods that involve
forming the final desired geometry by cutting material away from a solid block or billet
of raw material. Examples include milling, turning, sawing, and grinding.
Von Mises stress: Stress response that indicated deformation in a material; also known
as distortion energy stress or design stress.

xiv

Chapter 1: Introduction

1.1. Background
The selective laser melting (SLM) process is a variation of the powder bed fusion
family of additive manufacturing (AM) processes that is typically used to manufacture
metal parts. There are many advantages to employing SLM to manufacture metal parts,
including the ability to work easily with difficult materials such as titanium alloys,
cobalt-chromium, high-manganese steels, and nickel alloys, the increased speed
compared to many AM processes, the fine level of detail and surface finish, and the
ability to generate custom material properties. However, the SLM process has a serious
inherent problem, namely the severe residual stresses introduced into the material during
printing. The stresses introduced into the material can cause many problems if the
geometry is not properly designed, as the stresses increase the risk of part deformation
and delamination, severely complicating the design of delicate or overhanging features,
and reducing the design freedom that is the trademark of AM technologies.

1.2. Focus, Objective, and General Approach of Research
The present thesis will focus upon the problem of residual stresses in parts
manufactured using SLM, particularly in parts containing overhanging features. Residual
stresses are the stresses within a plastically or elastically deformed material that remain
after the load that caused the deformation is removed; essentially, it is the stress
remaining in a material after is has been “stretched” by a load and has not fully returned
to its original state due to plastic deformation from the load or some constraint that does
1

not allow the material to return to its original state. In the SLM process, the residual
stresses are caused by restrictions on the expansion and contraction of the various layers
within the part which come from the heat cycling as the laser scans across each layer,
where previously solidified layers are re-melted and cooled rapidly several times. As
each layer is heated, cooled, and reheated the various layers underneath develop residual
stresses between them, causing the whole part to develop the stresses throughout.
A great deal of research has been done to develop ways to prevent or eliminate
these stresses when printing very simple parts; very little on dealing with the stresses in
complex parts or in part features, however. Most simple part bodies created by SLM are
physically connected to the build plate at the base, helping to both support and tie down
the first few layers until the part body is large enough to support or dissipate the stresses.
However, part features and geometries that are not physically welded to the build plate
can really suffer from these stresses as there is no solid support. There is only sparse
literature on this topic, making this an excellent subject for study.
The objective of the present thesis is to study the effects of the residual stresses on
overhanging part features built onto a simple generic part during printing. Process control
is key to managing residual stresses in the SLM process. As a result, this project will
create an experiment that controls the process inputs to study the effect on the residual
stress. To do this, a five-factor full factorial experiment will be performed to study the
effects of the five input factors on a series of responses during the printing process.
Ideally, a series of part samples should be made to provide the stress data, but this
was not done in this experiment for two reasons: first, the cost of manufacturing enough
samples for a five-factor full factorial experiment is prohibitive; secondly, testing the
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finished parts would not provide much useful data on the stresses during printing and
collecting the data during the process would require some very expensive and
sophisticated equipment which was not available to the author. Therefore, it was decided
that a simple, but well-designed, finite-element heat transfer model of the SLM process
on an overhanging part feature would be a good first-cut method for testing the in-process
effects of the input factors on the residual stresses.
Unfortunately, residual stresses are difficult to measure, as they can vary
throughout the part body and even change with time depending on the reheating pattern
or geometry of the part. Typically, these residual stresses are estimated by measuring the
deformation and the various Von Mises stresses and converting these measurements to
the residual stresses. Therefore, the finite-element model of the SLM process that will be
used for this experiment will be designed to generate two Von Mises stress responses and
two deformation responses; if desired in a later research project, these responses can be
converted into residual stress values.

1.3. Mission Statement
In light of what was discussed in the previous section, the present thesis shall
perform the following mission:
The four-fold mission of this research project is (1) to collect a large body
of knowledge on the topic of residual stresses for the SLM process,
especially for overhanging part features, (2) to design and set up a useful
experiment to determine the influence of several input factors on the stress
and deformation within the part during printing, (3) perform a run of this
experiment to demonstrate its mechanics, and (4) use this experiment to
3

draw some preliminary conclusions about the influence of the chosen
factors and their interactions on the chosen responses.
To satisfy the first objective, a very detailed literature review shall be performed
and presented. The second shall be completed by carefully designing a useful fullfactorial experiment, including selecting interesting factors, hypotheses, factor levels,
response details, the level of significance, and presenting and justifying assumptions. The
second objective also includes the development and construction of the finite-element
thermal model that will be used to simulate the process. Performing a run of the
experiment, objective three, shall be done using the experiment and model developed
when satisfying objective two. Once the experiments are run, the results will be analyzed
in detail and initial conclusions about the significance of the factors on the responses will
be made. The data will also be compared to experimentally collected results when
possible, therefore satisfying objective four.

1.4. Level of Significance
An important part of setting up and running any experiment is the choosing of a
level of significance that will be used to evaluate whether the factors under study are
significant to the experiment. This evaluation of the factor significance is known as a
hypothesis test. When performing such tests, two types of error are possible: Type I error
(falsely accepting a factor or assumption as significant when it is not actually significant)
and Type II error (falsely rejecting a factor or assumption as insignificant when it is in
fact significant). Type I and Type II errors have an inversely-proportional relationship, so
reducing the probability of one of the error types increases the probability of the other
4

one. The power of the experiment is the probability of rejecting the null hypothesis when
it is false, which is one minus the probability of a Type II error. The higher the power of
the experiment, the more useful and reliable the hypothesis test is (Navidi, 2006, p. 474).
There are two cases in the present experiment where hypothesis tests have been used:
making conclusions from Analysis of Variance (ANOVA) calculations for main effects
and interactions, and performing model adequacy studies for each set of data collected in
this experiment.
It is a simple matter to choose a level of significance for the model adequacy
studies, as they simply study the experimental data in order to confirm the validity of the
major modeling assumptions and are not concerned with the experiment power. The
model adequacy is discussed in depth in Chapter 6. The level of significance that was
used for the model adequacy studies was α = 0.05, or 5% chance of making a Type I
error.
Choosing a level of significance for the ANOVA calculations is much more
difficult. Any Type I errors that occur will add factors and interactions unnecessarily,
adding work to the analysis in order to identify them. However the author is far more
worried about Type II errors, as each Type II error would be an important factor or
interaction that was missed in the analysis. As specified in the mission statement for this
project, the purpose of present work is to set up and define the experiment, not to present
final conclusions for the SLM process; this experiment must be run again once
experimental data is available in order to make such conclusions. Since this run of the
experiment is the “first-cut” at it and not intended to present final conclusions, the initial
conclusions of significance are intended to be conclusions of “most likely significance.”
5

In order to maximize the capacity of the experiment to detect “most likely significant”
factors, it is important that the experimental power be as high as possible without
introducing an unreasonable amount of error.
In order to maximize the power of the experiment, α = 0.25 was chosen as the
level of significance for the ANOVA calculations. While this does suggest that there is a
25% chance of making a Type I error, this is acceptable to the author in order to reduce
the probability of making a Type II error. Any false positives will be taken out later when
the experiment is verified; setting up the experiment to require filtering out just the false
positives in future experiments, instead of potentially requiring a complete redo of the
analysis in order to identify both Type I and Type II errors, is the major reason to use the
high α value.
Ideally, the initial conclusions made by the present thesis would be the starting
point for verifying the factorial experiments. If the probability of committing a Type II
error is very small, it would be reasonable simply to verify the significance of the factors
described instead of having to completely redo the ANOVAs when verifying the
experiment, assuming that the raw data follows the theoretical data presented here. This
will save time and labor when carrying on this experiment to the next level of
verification.

1.5. Contributions to Knowledge
As will be discussed in the literature review, the research up to this point on the
residual stresses in overhanging parts made by SLM is very sparse and focusses mostly
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on simulation and very simple cases. The present thesis will contribute to scientific
knowledge by:
1. Providing an overhanging-features perspective to the DFM of SLM parts.
2. Collecting the a large body of knowledge on the topic of stresses in SLM.
3. Collecting a set of SLM material properties for the two materials (Ti-6Al-4V
titanium alloy and 316L stainless steel) studied in this research.
4. Proposing a useful, powerful, and flexible experiment to study this topic.
5. Proposing a way to unify the theory behind residual stresses in overhanging
features with the practical considerations of using the SLM process.
6. Proposing a very simple heat transfer model of the SLM process that, once
experimentally verified, could possibly replace large and expensive simulations
for day-to-day SLM part DFM.
7. Demonstrating a method to analyze the topic of interest using the SolidEdge
Femap® software which, as far as could be determined by the author, has never
been attempted in the published literature. This software is very simple and
intuitive to use compared to many other finite-element programs commonly used
for this type of research. In addition to its simplicity and ease of use, it allows the
creation of load cases that utilize both structural and heat transfer analyses
simultaneously using the same model, a very useful feature that is lacking in most
similar finite-element analysis programs.

7

1.6. Structure of Thesis
The present thesis is divided into chapters, as described below:
Chapter 1 is the introduction to the problem and project. A brief problem
background, a discussion of the focus, objective, and general approach to the research,
the mission statement, and a brief discussion of the ways the present research contributes
to scientific and engineering knowledge are all covered in this section.
Chapter 2 covers the detailed literature review conducted for this project,
including discussions on general AM, powder-bed fusion AM processes, the SLM
process itself, the problem of residual stresses in SLM parts (including both general cases
and overhanging features), a detailed survey of previous work done on this topic, and
SLM-specific material properties for the two materials studied.
Chapter 3 discusses the development of the factorial experiment that will be used
in this thesis. Design of experiments principles and factorial experiment designs are
discussed, along with the specific choices of factors, levels, responses, and hypotheses for
this experiment.
Chapter 4 is where the heat transfer finite element model is discussed and
developed. The basic theoretical and finite-element models are also developed in this
chapter.
Chapter 5 describes the process of running the experiment developed in Chapter 3
using the models developed in Chapter 4. Setup and preprocessing, data collection
technique, and experiment assumptions are discussed in detail in this section. A detailed
full run of one of the 64 experimental cases (to demonstrate the process) and the raw data
collected are also included in this chapter.

8

Chapter 6 consists of the detailed analysis of the experimental results. For each
set of data, basic summary statistics were calculated, a full Analysis of Variance was
performed, main effect, interaction, and cube plots were created in order to determine the
experiment settings, and a model adequacy analysis was done.
Chapter 7 discusses in detail and draws conclusions about the experimental
results.
Chapter 8 discusses conclusions for the entire thesis research, gives
recommendations for future work, discusses lessons learned, and shares some details of
planned future work on this project.

9

Chapter 2: Literature Review

Every research project requires a thorough literature review in order to give it
direction and to avoid redundant work. This review is completed in this chapter and
consists of discussions on general additive manufacturing (AM), powder-bed fusion AM
processes, the selective laser melting (SLM) process itself, the problem of residual
stresses in SLM parts (including both general cases and overhanging features), a detailed
survey of previous work done on this topic, and SLM-specific material properties for the
two materials studied.

2.1. Additive Manufacturing
Additive manufacturing (AM) is a “process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methods” (ASTM, 2012). The basic principle of AM is the direct translation of a 3D
Computer-Aided-Design (CAD) model into a solid 3D part without the need of complex
process planning or special tooling. In contrast to the complexity of traditional
manufacturing, the use of AM processes requires a minimal amount of knowledge and
skill from the user (Gibson et al., 2010, 1-2). Some synonyms for AM are rapid
prototyping, direct manufacturing, additive fabrication, additive processing, additive
layer manufacturing, and freeform fabrication (ASTM, 2012; Gebhardt, 2012, 2-4).
From its origins in the 1980’s, AM technology has progressed steadily from
prototyping and niche research projects and joined the ranks of legitimate manufacturing
processes and is now utilized for a variety of complex and difficult manufacturing tasks

10

(Campbell et al., 2012). The basic process is the same for all AM processes: a CAD
model of the desired product is produced, usually in the form of a .STL file, and the file
is pre-processed; pre-processing usually consists of designing any needed support
structures (for overhanging features and hollows in the geometry) and determining the
optimal orientation for the part
in the printer. It is then digitally
“sliced” into thin layers; the
slices are cross-sections of the
work piece (including any added
support structures) that have a
uniform thickness, allowing the
printing machine to interpret the
3-D part as a series of stacked
slices. The digital model is then

Figure 2.1.1: Generic Process Map for AM
http://dupress.com/articles/additive-manufacturing3d-opportunity-in-aerospace/

sent to the printer, which performs two operations on each layer, namely printing and
fusing. Printing is the application of a thin layer of raw material (which could be powder,
molten plastic, resin, composite matrix, or a variety of other things) by a wiper, roller,
print-head, extruder, or blower. The thin layer is usually in the shape of the slice, but
there are processes where waste must be trimmed off later in the operation by a razor
blade, mill, or laser. Once the layer or slice is printed, it must be fused to the layer below
in order to continue building the part. An energy source, such as a UV light, a laser beam,
electron beam, welder, or other heat source is used to provide concentrated energy to
accomplish the fusion (ASTM, 2012; Gibson et al., 2010, 1-6; Guo & Leu, 2013; Wong
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& Hernandez, 2012). The ASTM F2792-12a standard defines seven general AM
processes (and each of these have several variations), specifically the binder-jetting
process (BJP), the directed energy deposition process (DEDP), the material extrusion
process (MEP), the material jetting process (MJP), the powder bed fusion process
(BPFP), the sheet lamination process (SLP), and the vat photopolymerization process or
stereolithography (STL) (ASTM, 2012). Figure 2.1.1 presents a generic process map for
AM processes.
Numerous benefits are derived from employing these processes in manufacturing,
including almost infinite design freedom, huge cost savings for specialized, one-off, or
legacy parts, a reduced number of operations for complex parts, the combination and
integration of functions in manufacturing (i.e. AM processes can accomplish in one
operation what traditional manufacturing must do in several steps or with several
different processes), the ability of additive processes to repair expensive tooling or
components, huge savings of material and reduction of waste, dramatically reduced time
needed to innovate and bring new products to the market, very easy mass customization
of products, reduced energy consumption, and more efficient and environmentallyfriendly manufacturing (Campbell et al., 2012; Bogue, 2013; Petrovic et al., 2011; Diegel
et al., 2010; Eyers & Dotchev, 2010).
However, it is a relatively new technology and far from perfected. Some of the
challenges that exist with certain AM processes include a reputation as a prototypingonly technology, limited material selection, software issues, high machine and material
costs, product size limitations, issues with material homogeneity and surface finish,
possible residual stresses in the finished parts, process sensitivity to small modifications
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in the material and position of material layers, concerns about the strength and final
quality of the printed parts, questionable geometric tolerances for some processes, and
relatively slow print speed. Work and research is being done to alleviate all of these
issues, but for now they exist and must be taken into account (Petrovic et al., 2011;
Mahamood et al., 2014; Berman, 2012; Brajlih et al., 2010).

2.2. Powder-Bed Fusion Additive Manufacturing
Powder-bed fusion is a category of AM processes that employ a source of thermal
energy to selectively sinter or melt specific regions of a powder bed in order to create
layers of solid material in a specific shape (ASTM, 2012). There are several of these
processes, but the most common and well-developed processes are selective laser
sintering (SLS), selective laser melting (SLM), and electron-beam melting (EBM).
Powder bed fusion, in theory, can handle any material that can be purchased in powder
form and fused or sintered by heat. However, it is rarely used for anything except metals
and ceramics, with the exception of the SLS process (Gebhardt, 2012, pg. 40). The SLS
and SLM processes were invented and developed in the 1990’s, while the EBM is a much
more recent invention.

2.3. Selective Laser Melting
Selective laser melting, sometimes known as selective laser remelting, laser
cusing, or (incorrectly) metal laser sintering, is a variation of the powder bed fusion
process in which a thin layer of “metallic powder free of binding and fluxing agents” is
selectively “heated by [a] laser beam to melting temperature” in order to fuse it into a
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solid slice of material in the correct shape of the part. The laser beam energy “is chosen
in such a way that the layer of metallic powder is fully molten throughout its layer
thickness at the point of impact of [the] laser beam” and the laser beam is “guided across
a specified area of the powder material layer.....in such a way that each run partially
overlaps the preceding run” in order to form proper metallic bonds between scans (and
between the current layer and previous layers) and therefore produce a homogeneous
solid. The entire operation is run in a “protective gas environment” during these
procedures to prevent unwanted reactions or oxidations. Because the powdered material
is “free of binding and fluxing agents” and because it is “heated to its melting
temperature throughout the layer thickness,” the resulting solid has mechanical properties

Figure 2.3.1: Typical Setup for Laser-Based PBF Process
Craeghs et al., 2011

similar to bulk-formed materials (Meiners et al. US Patent No. 6,215,093 B1, 2001). As
each layer is selectively melted in this way, the build table in the printer drops down the
distance of one layer thickness (20-100 μm) and a wiper deposits a fresh layer of new
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unmelted powder, starting the whole operation over again. This cycle continues until the
part is complete (Dutta & Froes, 2014). Traditionally, only metallic materials could be
used with SLM, but some work has been done to extend the process to ceramics and
metal/ceramic/polymer composites (Wilkes et al., 2013; Hao at el, 2009; Shishkovsky et
al., 2007). Figure 2.3.1 shows the typical setup for a laser-based powder bed fusion
process.
There are a number of advantages to using SLM: a broad variety of difficult-tomanufacture materials (i.e. titanium, cobalt-chromium, high-manganese steels, and nickel
alloys) can be easily managed, the process is relatively fast compared to most AM
processes, the surface finish is better than most AM processes, the detail resolution and
variety of possible features is excellent, the material
utilization rate is high, the properties of the finished part
are equal to or superior to those produced by bulk
forming, and except for removing any support structures
(for overhangs and hollows), there is very little postprocessing needed on parts (Guo & Leu, 2013; Kruth et
al., 2004; Dadbakhsh et al., 2012; Thijs et al., 2010;
Niendorf & Brenne, 2013; Dutta & Froes, 2014). The
capacity of the process to create fine geometry out of
difficult-to-manufacture materials and with good surface
finish makes it ideal to create parts with lattice and
partially-formed structures, resulting in fully-functional
components that are much lighter than machined or cast
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Figure 2.3.2: Examples Made by SLM
http://www.protoshape.ch/3d-printingmetals/
http://www.lzh.de/en/publications/pres
sreleases/2013/hannovermesse2013

ones, a definite advantage for medical, energy, heat transfer, and aerospace applications
(Warnke et al., 2009; Gu et al., 2012; Neugebauer et al., 2011; Bernstein et al., 2013;
Campanelli et al., 2014). Figure 2.3.2 shows some excellent examples of the types of
parts that can be manufactured using SLM; the top item is a propeller that is nearly 15
inches in diameter and the bottom one is a miniscule replica of the Eiffel Tower.
Despite all of the advantages that SLM provides as a manufacturing process, there
are two major handicaps to the full and wide use of SLM: the inherent complexity of the
process and the residual stresses introduced into the material during printing. SLM is
rather difficult to control and is strongly dependent on a large number of parameters,
including melt pool diameter, scanning pattern, material surface tension, and material
thermal conductivity, to name a few (Thijs et al., 2010; Craeghs et al., 2011; Gebhardt et
al., 2010; Dadbakhsh et al., 2012). The high residual stressed introduced into the material
by the severe thermal cycling and remelting during processing can wreak havoc if the
part is not properly designed. The existence of these stresses in printed parts complicates
the product design and increases the risk for deformation, delamination, and balling in the
parts, severely complicates the design of delicate or overhanging features, and reduces
the design freedom that is the trademark of AM technologies (Kruth et al., 2004 & 2012;
Mercelis & Kruth, 2006; Abe et al., 2001; Knowles et al., 2012; Gu et al., 2012; Guo &
Leu, 2013).

2.4. The Residual Stresses Problem
Of the two major problems associated with SLM, the present thesis will focus
upon the problem of residual stresses. Residual stresses are the stresses within a
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plastically or elastically deformed material that remain after the load that deformed it is
removed. In the SLM process, the major source of the residual stresses is the heat cycling
as the laser scans across each layer, where previously solidified layers are re-melted and
cooled several times. When looking at the stress gradients in a particular layer of the part
during heating, the two most important regions are the top of the layer (exposed to the
laser) and the interface between the layer and the previous layer. Due to thermal
expansion, the top of the layer experiences a tensile stress, while the cooler interface has
compressive stresses acting on it
(Figure 2.4.1). If only one layer was
to be printed this would not be a
problem,

as

the

stresses

would

dissipate once the material cooled.

Figure 2.4.1: SLM Heating/Cooling Cycle Diagram
Mercelis & Kruth, 2006

The problem manifests itself when the underlying layers restrict the thermal expansion
and contraction of the layers immediately below the melt pool; this can occur several
layers deep and the material does not necessarily have to be molten for it to happen. This
can cause an elastic compressive strain within the layers, resulting in a stress gradient
between the layers. This increases the possibility of delamination, balling, and part
deformation (Knowles et al., 2012; Roberts, 2012; Mercelis & Kruth, 2006; Matsumoto
et al., 2002; Gu et al., 2012; Guo & Leu, 2013; Van Belle et al., 2013).

2.5. Stresses in Overhanging Features
Fortunately, there are ways to combat this problem when printing simple parts;
most parts created by SLM are physically connected to the build plate at the base, helping
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to both support and tie down the first few layers until the part body is large enough to
support the stresses (Hussein et al., 2013a; Matsumoto et al., 2002). However, the
stresses severely affect overhanging features as there is no underlying solid foundation to
support them; “overhanging” features are those that are extensions of the main part body
that have no direct connection to the build plate (Gibson et al., 2010, 402-404).
The usual solution is to design a support structure for the overhang, but this
comes with its own set of problems and is not as easy as it is with other powder-based
processes such as selective laser sintering; extra post-processing, extra material use,
increased cycle time, increased risk of damage to the part, damage to the finish of the part
from support removal, and restrictions on the part design to accommodate the support
structure are all issues when using support structures with SLM (Hussein et al., 2013a;
Thomas & Bibb, 2008; Wang et al., 2013; Papadakis et al., 2014; Jhabvala et al., 2012).

2.6. Survey of Previous Work
The residual stresses problem has been a nuisance since the invention of the
SLM process and has put a cap on its full and free utilization, so a number of researchers
have worked to develop solutions to this problem. For the purpose of the present thesis,
previous work consists of three separate categories of problem solutions: Process
modeling and simulation, process control, and support structure design.

2.6.1. Process Modeling and Simulation
As with any problem solution, a good model is needed for problem understanding
before any useful work on the problem can be attempted. Hodge et al. (2014) offered
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interesting analytic thermal and thermo-mechanical models of the SLM process, which
are based on basic energy balances, phase changes, material properties, material states,
and part geometries. They presented a method for setting up, solving, and verifying an
analytic simulation model for SLM. Mercelis and Kruth (2006) looked at the origins of
the troublesome stresses and developed a simple theoretical model to account for them.
They found that the factors determining the magnitude of the stresses were the material
properties, part thickness, powder layer thickness, laser parameters, and the heating
conditions during the process. Contuzzi et al. (2011) advanced a simple finite element
analysis model to simulate the temperature distribution through the layers during the
SLM process; stresses were not directly addressed in the model, but a stress model could
easily be derived from the heat transfer model. The model also includes a method for
directly modeling the phase change of the materials as the process is being run. Roberts et
al. (2009) used a novel finite element analysis method known as “element birth and
death” to facilitate modeling the heat gradients and the heat transfer between layers.
Roberts (2012) also performed a very detailed experiment, in which the stresses in a
single layer were studied in detail and a very complex FEA model was created of the heat
transfer and stresses for a small area. Papadakis et al. (2014) proposed a model reduction
in order to simplify the creation and running of good finite element models of the thermal
and mechanical effects in large engine parts made by SLM. Finite element models of
stress in single layers from SLM are proposed by Hussein et al. (2013b) and Matsumoto
et al. (2002).
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2.6.2. Process Control
Process control and modification seems to be the most common and preferred
method of dealing with the troublesome residual stresses within the part in practice.
Kruth et al. (2012) explored the effects on the thermal stresses of modifying the length
and orientation of the laser scan vectors, performing pre- and post-scanning and island
scanning, varying the layer thickness, heating the base plate, and heat treating the final
parts. The results showed that all of these modifications to the process produced
improved thermal stress values, particularly modification of the scan parameters and
reducing the temperature gradient by preheating the base plate. Zhang et al. (2013) and
Craeghs et al. (2011) looked at the effects of the laser parameters, powder setup,
environmental conditions, and preheating on the quality of the final parts made by SLM.
Abe et al. (2001) and Bo et al. (2012) suggested that the scan pattern of the laser can be
designed so that the residual stresses can be “designed” and contoured to dissipate
naturally or even provide material advantages for the part. Shiomi et al. (2004) explored
the influence of three major factors: heat treating the part after printing (improvement of
70%), heating the powder bed during printing (40% improvement), and re-scanning each
layer before printing the next one (55% improvement). Yasa and Kruth (2011) further
analyzed the value of scanning each layer more than once (re-melting) and found that this
additional operation significantly reduced the residual stresses. Mumtaz and Hopkinson
(2010) found that using a pulsed laser in SLM resulted in better control over the structure
and features, as the power output of the laser was easier to control. Finally, Jia and Gu
(2014) and Dai and Gu (2014) looked at the effect of having oxygen in the environment
during printing and ways to eliminate it. Dai and Gu suggested running an inert gas
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through the powder bed during the process to prevent oxidation between the layers of the
part.

2.6.3. Support Structure Development and Design
Structural supports are typically needed in order to prevent the failure of
unsupported overhanging features. This, however, is a necessary nuisance that must be
tolerated to utilize the design freedom of this AM process; the extra time required to cut,
grind, or mill off the support structures, the extra material used (which is wasted), the
longer print time, the damage to the surface finish when the structure is removed, the
extra time required to design the part to accommodate the structure, and the design of the
structure itself are some of the irritations that come with the using SLM to create parts
with overhanging features. Thankfully, work has been done to simplify the job and
reduce the impact of the support structures, while reaping the full benefit of using the
structures. Sundar et al. (2014) found that printing the part on top of a wire mesh made
removal from the printer easier, facilitated the creation of delicate features and thin walls,
reduced the time needed to cut off the support structure, and created a buffer to prevent
damage to the part itself from the removal. Jhabvala et al. (2012) built support structures
using a pulsed laser, which has a number of advantages including support material that is
not full density and is soft compared to the rest of the body but is strong enough to handle
the stresses and heat transfer. This creates a structure that does its job well, but is very
easy to remove during post-processing. The laser itself was set to both full-power and
pulse modes as needed, the full-power mode creating the part and the pulsed setting
creating the support structure. Hussein et al. (2013b) experimented with using delicate
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cellular lattice structures as supports; the advantages to this are material savings, easier
removal from the part, and some time savings compared to methods using solid support
structures. However, this takes extra time to design. Strano et al. (2013) came up with a
method for mathematically designing optimal lattice support structures based on the
geometry.

2.7. Material Properties
Up to this point in the literature review, the focus has been on topics that are
normally part of a “traditional” literature review, such as background, problem definition,
and survey of previous work. However, one more area of study is needed: the material
properties that the SLM process produces. As discussed in the previous section on AM,
most AM processes can be designed to produce custom properties in the material due to
the layer-by-layer construction method of the processes. However, this implies that AM
parts will probably not have standard-textbook properties when they are completed. In
order to solve this question, a detailed survey of experimentally recorded mechanical,
thermal, and optical properties of the Ti-6Al-4V titanium alloy and the 316L stainless
steel was conducted. These materials were selected partially because of their common use
as engineering materials, particularly in the aerospace industry, and partially because
both materials have been used as the working material in a significant amount of SLM
research to date so a good amount of experimental data on properties is available. 316L
stainless steel is commonly used because it has better formability and is more corrosionand pitting-resistant than many other types of stainless steel (Lenntech). The Ti-6Al-4V
titanium alloy, commonly known as Ti-64, is the most commonly used titanium alloy. It
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offers a much better combination of material stability, high strength, light weight,
formability, and corrosion resistance than pure titanium (Cartech).
The following sections discuss the literature survey completed for each of the
materials. The properties that this review was focused upon are those that are relevant to
structural and heat transfer models, namely density, ultimate tensile strength, yield
strength, modulus of elasticity, Poisson’s ratio, coefficient of thermal expansion, specific
heat capacity, melting point, thermal conductivities of the material and powder,
convection coefficient of the chamber gas, and material surface emissivity.

2.7.1. Ti-6Al-4V Titanium Alloy
Ti-6Al-4V is the most common titanium alloy and is comprised of 89.55%
titanium, 6% aluminum, 4% vanadium, 0.25% iron and 0.2% oxygen. Unlike most
titanium alloys, Ti-6Al-4V is heat-treatable. Common applications include airframe and
engine components in the aerospace industry and a variety of uses in the marine and
energy-producing industries (Aerospacemetals).
Table 2.7.1: Summary of Properties from Literature – Ti-6Al-4V
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During the review, it was discovered that in most cases, the only properties that
were discussed as changing during SLMing were the density, the ultimate tensile
strength, and the yield strength. Other properties were either not discussed at all or
theoretical values from a datasheet were used. Therefore, the three important varying
properties were collected from the literature and the results are outlined in Table 2.7.1.
All the other properties, except for the emissivity and the powder thermal conductivity,
were taken from a datasheet (Aerospacemetals); these two properties were taken from
published literature. The final list of Ti-6Al-4V properties is shown in Table 2.7.2.
Table 2.7.2: Effective Ti-6Al-4V SLM Properties

In the published literature, the mean density was 4421.3
deviation of 2.8

𝑘𝑔
𝑚3

𝑘𝑔
𝑚3

, with a standard

and a 95% confidence interval of (4418.6, 4424.0)

𝑘𝑔
𝑚3

. When

compared to the theoretical value, the mean density was found to be 99.804% of
theoretical density. The ultimate tensile strength had a mean of 1189.1 MPa with a
standard deviation of 99.4 MPa and a 95% confidence interval of (1115.5, 1262.8) MPa;
when compared to the theoretical value, it was found to have increased by 25.1%, which
is expected due to the heat cycling of the SLM process. Similarly, mean yield strength
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was also found to be 23.07% higher than the theoretical values, with a mean of 1083.3
MPa, standard deviation of 98.3 MPa and a 95% confidence interval of (1010.4, 1156.4)
MPa.
As expected, the studied Ti-6Al-4V titanium alloy properties produced by SLM
are significantly different from that those from the datasheet. Five of the 12 important
properties were polled directly from the published literature, so these can be considered
to be reliable for this experiment. The fact that there was so much of a difference between
the theoretical and measured values suggests that the other properties may be biased as
well; however, after an extensive review, no information was found about these other
seven properties changing in the SLM process. In all cases, these properties were either
ignored or values from a datasheet were used. Therefore, the best course for the present
thesis is to use the certain values that are available and assume that the others are valid as
given.

2.7.2. 316L Stainless Steel
316L stainless steel is a commonly used grade of stainless steel that is particularly
corrosion- and pitting-resistant and easy to weld. It usually consists of 62.045% iron,
18% chromium, 14% nickel, 3% molybdenum, 2% manganese, 0.75% silicon, 0.1%
nitrogen, 0.045% phosphorus, 0.03% sulfur, and 0.03% carbon. Common applications are
those that require good corrosion resistance, such as exhaust manifolds, heat exchangers,
jet engine parts, valves, chemical handling equipment, tubing, welding filler, and parts
that will be exposed to salt water (ATK Steel, datasheet).
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Table 2.7.3: Summary of Properties from Literature – 316L Stainless Steel

As was the case with Ti-6Al-4V, a number of good references for the actual
material properties that would be achieved from SLM were available, but the only ones
discussed in the context of SLM are density, the ultimate tensile strength, and the yield
strength. The other important properties were either not discussed at all or the theoretical
values from a datasheet were used. The three varying properties were collected from the
literature and the results are outlined in Table 2.7.3. The final list of 316L properties that
will be used for this experiment is shown in Table 2.7.4.
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Table 2.7.4: Effective 316L SS SLM Properties

The best individual source of the data for this material is an experiment performed
by Tolosa et al. (2010), in which the researchers measured the changes in ultimate and
yield strength of samples as parameters such as scan patterns and print orientation were
varied. Their paper actually provides the raw data from the experiment, unlike most
papers which just provide the averages or a plot of the raw data, making it very helpful in
collecting material property information.
Overall, the mean density for 316L stainless steel was 7923.3
deviation of 23.1

𝑘𝑔
𝑚3

𝑘𝑔
𝑚3

, with a standard
𝑘𝑔

and a 95% confidence interval of (7900.7, 7946.0) 𝑚3 . When

compared to the theoretical value, the mean density was found to be 99.17% of
theoretical density, similar to the results for the titanium alloy. For the ultimate tensile
strength, the mean was 638.0 MPa with a standard deviation of 102.5 MPa and a 95%
confidence interval of (562.0, 713.9) MPa. The mean ultimate tensile strength for SLM
was found to be only 1.75% higher than theoretical annealed value. In contrast, the mean
yield strength was found to be 102.8% higher than the theoretical values with a mean of
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588.4 MPa, standard deviation of 150.6 MPa and a 95% confidence interval of (476.8,
699.9) MPa. It should be noted that the numbers here suggest that the SLM process
hardens the stainless steel and makes it much less ductile; the fact that the values for yield
and ultimate stresses are so much closer than the theoretical values strongly indicates that
stainless steel becomes brittle during SLMing. This is a very important issue to note
when designing stainless steel parts that will be manufactured by SLM.
As expected, the studied 316L stainless steel properties produced by SLM are
significantly different from that those from the datasheet. Five of the 12 important
properties were pulled directly from the published literature, so these can be considered
to be reliable for this experiment, even more so than for the titanium alloy as more data
was available for the stainless steel. As with the titanium alloy, the difference between
the theoretical and measured values for these experimentally-determined properties
suggests that the other properties may be biased as well but no information is available at
this time to settle this question. Therefore, as with the Ti-6Al-4V, the best course for the
present thesis is to use the reliable values that are available and assume that the others are
valid as given.
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Chapter 3: Development of the Experiment

In order to determine and verify relationships between several input factors on a
system or process, an experiment must be designed and performed, the setup and
development of which is the purpose of this chapter. There are several common
experimental designs for accomplishing this, the best of which is the full factorial design.
The present thesis will make use of a 2𝑘 full factorial design to test relationships
between several input factors on a variety of output responses relating to the residual
stresses in overhanging features in parts created using selective laser melting (SLM).

3.1. Design of Experiments
A designed experiment is a “test or series of tests in which….changes are made to
the input variables of a process of system” in order to “observe and identify the reasons
for changes in the responses” (Montgomery, 2009, p. 1). Motives for doing this could
include identifying which variables or combinations of variables have significant
influence on the system or process, determining process “settings” in order to control the
output responses, reducing variability in a system, or controlling and eliminating
nuisance factors (Montgomery, 2009, p.2-3).

3.2. The 𝟐𝒌 Factorial Design
The most important case of the general factorial design is the 2𝑘 factorial design, as it
is the simplest and the most commonly used case and forms a basis for the other factorial
designs. The 2𝑘 design considers 𝑘 factors, each with two levels; the levels can be
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qualitative or quantitative values, such as differences in temperature, pressure, or
machine operators (Montgomery, 2009, p. 207). A full replication of the experiment
requires 2𝑘 observations; for example: if four factors were studied for their impact on the
yield strength of an aluminum sample, the experimental design would be a 24 full
factorial design and require 16 observations before conclusions can be made. There are a
number of assumptions that need to be met for the design to work (Montgomery, 2009, p.
207). These are:
1. The factors used in a 2𝑘 design are fixed.
2. The designs are completely randomized.
3. The model is adequate.
Model adequacy is tested by evaluating the normality, variances, and independence of the
data. For the model to be considered adequate:
1. The data must be approximately normal; the Anderson-Darling test is used to
establish this.
2. The residuals of the dataset must have approximately constant variance. This can
normally be tested using Bartlett’s test (if the normality assumption holds) or
Levine’s test (if the normality assumption does not hold) or by visual inspection if
the model is deterministic.
3. The data points must be independent; this is established with a residual plot of the
data.
Failure of either of the normality assumption or the equal variance assumption can be
repaired by transforming the data using a Box-Cox method. However, the independence
assumption must hold for the data (Montgomery, 2009, p. 79-83).
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3.3. Experiment Choice of Factors
Research has been published indicating some of the important individual requisite
factors for the SLM process, but none was found that proved a complete list of the factors
needed for this process. Therefore, a literature review was done to establish what the
important parameters by reviewing all of the available literature; 20 published papers
were found which talked about the input parameters for SLM, as described in Table 3.3.1.
Table 3.3.1: Important Input Factors from Literature
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From the published literature presented above, four clearly important input
parameters become obvious. Laser power and scan speed were each considered important
inputs in 16 of the 20 papers, while layer thickness was important in 14 and laser spot
diameter was important in 10 of the 20 papers. It is very clear that laser power, scan
speed, and laser spot diameter should be used as factors in the present experiment.
However, the layer thickness is not particularly relevant to this experiment, as it deals
with an overhanging part feature on a partially-completed SLM part instead of just
generic single layers of material like most previous research. Logically, a better choice of
a factor for thickness would be the thickness of the overhanging feature for this
experiment. Thus far, four important factors have been identified for this experiment;
however, one more is needed. When surveying the other factors used above, the most
influential one was probably the use or no use of support material (Jhabvala et al., 2012;
Hussein et al., 2013b). Therefore, in light of these findings, the chosen factors are:
1. Factor A - Laser power (80 W / 110 W)
2. Factor B - Laser spot diameter (26 μm / 50 μm)
3. Factor C - Laser scan speed (200 mm/s / 300 mm/s)
4. Factor D – Overhang Feature Thickness (2.5 mm / 5 mm)
5. Factor E - Support structure (powder support only / structure)
The levels for the first four factors were chosen by the experimenter based on past
experience with the SLM process and an engineering judgment of what reasonable levels
for these factors should consist of for these materials.
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3.4. Experiment Responses
In the present experiment, the five factors discussed in the previous section will
be analyzed for each of two material cases, namely the Ti-6Al-4V titanium alloy and
316L stainless steel. In each case, laser power, laser spot diameter, laser scan speed,
feature thickness, and support status will be varied in order to study the impacts of the
factors and their interactions.
As discussed in the literature review, the major problem to be addressed with
SLM is the residual stress issue, which can cause cracking and deformation in the parts
and failure of overhanging part features. Residual stresses are the stresses that remain in a
material after a load is removed from the material that has been deformed by the load but
is unable to return to its previous state due to plastic deformation or some constraint
(Beer et al., 2006, p. 113-114). As discussed in the literature review, the residual stress is
measured as a function of the thermal stress during heating, the deformation, and the
temperature gradient in the material. The major source of the residual stresses is the heat
cycling (and resulting material deformation) as the laser scans across each layer where
previously solidified layers are re-melted and cooled multiple times. While it would be
ideal to create a series of samples using the SLM process to analyze, this is not a feasible
endeavor for the present thesis and would not necessarily be useful in examining these
factors during the heat cycling; what is needed is a finite-element model of the process
that can model the conditions during the printing. Therefore, the responses must be both
useful to the study of residual stresses and obtainable from an FEA model.
SolidEdge Femap® was selected to model the SLM process in order to run this
experiment. Femap® offers several advantages over other FEA analysis packages (such
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as MSC Patran®), including a very user-friendly interface and the ability to process both
structural and heat transfer loads simultaneously. This software offers ten possible
responses for a structural FEA model with heat loads, including temperature, stress,
strain, applied force, deformation, constraint forces, and several other useful outputs.
The desired responses from this experiment are elemental stresses (in MPa) and
nodal displacements (in μm) and their gradients. Specific to this experiment, four
responses will be taken: (1) the maximum thermal stress, (2) the maximum deformation
in the melt pool area, (3) the thermal stress a few millimeters away from the melt pool,
and (4) the deformation of the end of the overhanging feature. The maximum thermal
stress response will provide a look at the plastic deformation (if any) taking place within
the protrusion; output values higher than the yield stress indicate at least local plastic
deformation in the material. The deformation near the melt pool can be used as a measure
of how must actual deformation is taking place within the material. The thermal stress a
few millimeters away from the melt pool (in a region recently scanned) provided a
measures of the stress gradient when compared to the thermal stress near the melt pool.
Finally, the end feature deformation shows the influence of the thermal deformation on
the integrity of the entire part feature; it is also an excellent way to evaluate the
effectiveness of supporting the feature during printing.

3.5. Final Experimental Design
To finish Chapter 3, the five-factor, full factorial experiment was set up in
preparation for the development of the heat transfer model in Chapter 4. The objective is
to test the significance of the laser power, the laser spot diameter, the laser scan speed,
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the overhang feature thickness, and the presence of a support structure and the
interactions between these on the thermal stress and thermal deformation during the SLM
process and make some preliminary conclusions about these. The chosen factors and their
levels are shown in Table 3.5.1.
Table 3.5.1: Experiment Factors and Levels
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Chapter 4: Simulating the SLM Process for Experiment

Ideally, the influences of the laser power, the laser spot diameter, the laser scan
speed, the feature thickness, and the presence of a support structure and the interactions
between these on stress and deformation would be physically analyzed during printing on
a SLM machine. However, for the present thesis project, this is unfeasible for two major
reasons:
1. Special equipment and cameras are needed to examine the stress and
deformation during printing, not to mention the expensive SLM machine and
raw material, none of which are directly available to the author for research.
2. Even if such equipment was available, the 64-128 samples required for this
experiment would be very costly to the University.
As the goal of the present thesis is to design and present the experiment and
demonstrate its mechanics, a good second-best method is to simulate the SLM process
for the required part geometry with a computer-based model and use this model to
perform the experiment in order to describe and demonstrate it. A search was made to
find previous work to use as a basis and starting point for the model that will be created
for this experiment, but none was found that offered the features needed by this
experiment; either they were far too complex to use in practice (such as Roberts, 2012) or
were for a completely different process (such as Alderson, 2012). A very simple model
that has easily adjustable “knobs” in the input parameters is what is needed. Therefore,
the model that will be used to perform this experiment had to be created from scratch,
using the resources available to the author and advisors. The entire model consists of a set
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of thermal boundary conditions developed from a simple conservation of energy analysis
(which includes analyses of conduction, convection, and radiation heat transfer) and a
static FEA structural model that will make use of these thermal boundary conditions in
calculating stress and deformation at a specific point during the SLM process.
Fortunately, the literature on SLM is populated with many examples of the
successful use of the FEA method to analyze SLM, particularly the work done by
Contuzzi et al. (2011), Hodge et al. (2014), Hussein et al. (2013b), Li et al. (2010),
Matsumoto et al. (2002), Pacurar et al. (2011), Song et al. (2012), and Zaeh & Branner,
(2010) so it has been established as a trust-worthy and useful method of analyzing this
process.

4.1. Development of the Basic Theoretical Model
4.1.1. Background and Goals
The ultimate goal of model building is to create an empirical mathematical
representation of a system in order to aid in its study (Montgomery, 2009, p. iv; Kelton et
al., 2011, p. 6-7). Such models can become very complex with development; however, it
is best for it to be designed to be as simple as possible while still preforming its intended
functions. A number of empirical models exist to describe heat transfer systems and aid
in the solution of problems with these systems, the simplest of which is a basic steadystate energy balance based on the First Law of Thermodynamics (Bergman et al., 2011, p.
13-17).
∆𝐸 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡
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(4.1.1)

Many theoretical heat models specifically designed for use with SLM have been
designed by researchers. For example, Hodge et al. (2014) proposed a thermo-mechanical
model based on continuum mechanics between the powder particles; Hussein et al.
(2013b) offered a very detailed conduction model for examining the effects within the
powder melting; Li et al. (2010) put forward a model that utilized a set of transient partial
differential equations to model the SLM process very accurately in real time; Matsumoto
et al. (2002) used a finite-difference method to model 2-dimensional heat transfer during
the SLM process.
While these are all excellent models to describe the process, they are all very
complex and unwieldy to use in practice and do not provide detailed structural analyses
of the bodies in question during the heat transfer. The work by Hussein et al. (2013b)
provided some insight into the stress during the process, but only a single layer of
material was examined. What is needed is a reasonably accurate heat transfer model for
the process that takes the whole part body into consideration – especially the overhang,
and is very simple to understand and use, while performing with an acceptable level of
accuracy. It is common knowledge that most heat transfer models have significant
uncertainty naturally built into them, so a case can be made that a “very accurate” and
very complex model may actually not be superior to a very simple one at a practical
level. If possible, the model should be designed so that most of the potential error can be
dealt with by using Factors of Safety or “fudge factors” to correct the model as needed. In
practice, a trivial linear model that can corrected and modified with factors read from a
table or chart will be preferred over a very accurate adaptive or numerical model that
requires an advanced knowledge of theoretical mathematics to understand and use.
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4.1.2. Theoretical Energy Balance Model
While Equation 4.1.1 is the most basic and important formula in heat transfer and
thermodynamics, it should be noted that the form of that equation is for a steady-state
system and not intended for a transient system such as laser melting. However, transient
heat systems are by definition dependent on time, so an “instantaneous” model or as a
snapshot of the heat cycle at a particular time will be approximately “steady state” for
that instant, provided the proper boundary conditions are in place (Bergman et al., 2011,
p. 281-287).
The transient heat transfer equation for the system shown in Figure 4.1.1 is:
𝑑𝑇

𝑞𝑙𝑎𝑠𝑒𝑟 − 𝑞𝑏𝑜𝑑𝑦 − 𝑞𝑝𝑜𝑤𝑑𝑒𝑟 − 𝑞𝑎𝑖𝑟𝑐𝑜𝑛𝑣 − 𝑞𝑎𝑖𝑟𝑟𝑎𝑑 = 𝜌𝑉 𝑑𝑡

(4.1.2)

Figure 4.1.1: Simple Energy Balance Model

When a time is selected to “freeze” the heat transfer in order to analyze it, Equation 4.1.2
becomes:
𝑞𝑙𝑎𝑠𝑒𝑟 − 𝑞𝑏𝑜𝑑𝑦 − 𝑞𝑝𝑜𝑤𝑑𝑒𝑟 − 𝑞𝑎𝑖𝑟𝑐𝑜𝑛𝑣 − 𝑞𝑎𝑖𝑟𝑟𝑎𝑑 = 𝐶

(4.1.3)

Where C is a constant value for that instant in time, which will be dependent on the
boundary conditions at that time. The various quantities within Equation 4.1.3 are:
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𝑞𝑏𝑜𝑑𝑦 =
𝑞𝑝𝑜𝑤𝑑𝑒𝑟 =

𝑘𝑏𝑜𝑑𝑦 𝐴𝑏𝑜𝑑𝑦
𝐿𝑏𝑜𝑑𝑦

(𝑇𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 − 𝑇𝑏𝑜𝑑𝑦 )

𝑘𝑝𝑜𝑤𝑑𝑒𝑟 𝐴𝑝𝑜𝑤𝑑𝑒𝑟
𝐿𝑝𝑜𝑤𝑑𝑒𝑟

(𝑇𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 − 𝑇𝑝𝑜𝑤𝑑𝑒𝑟 )

𝑞𝑎𝑖𝑟𝑐𝑜𝑛𝑣 = ℎ̅𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑎𝑛𝑏𝑖𝑒𝑛𝑡 (𝑇𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
4
4
𝑞𝑎𝑖𝑟𝑟𝑎𝑑 = 𝜀𝜎𝐴𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (𝑇𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔
− 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡
)

(4.1.4)
(4.1.5)
(4.1.6)
(4.1.7)

Equations 4.1.4 and 4.1.5 are the conduction losses from the feature into the part
body and powder bed. The losses by convection and radiation from the top (exposed)
surface are described in Equations 4.1.6 and 4.1.7. The variable 𝑞𝑙𝑎𝑠𝑒𝑟 is the heat flux
(W) input into the system, 𝐾𝑏𝑜𝑑𝑦 is the thermal conductivity (W/m-K) of the solid
material, 𝐴𝑏𝑜𝑑𝑦 is the area of contact (m²) between the feature and the rest of the part,
𝐿𝑏𝑜𝑑𝑦 is the average distance the heat has to travel between the body and overhang
temperatures. 𝐾𝑝𝑜𝑤𝑑𝑒𝑟 is the thermal conductivity (W/m-K) of the powdered material,
𝐴𝑝𝑜𝑤𝑑𝑒𝑟 is the area of contact (m²) between the feature and the rest of the part, 𝐿𝑝𝑜𝑤𝑑𝑒𝑟
(m) is the average distance the heat has to travel between the powder and overhang
temperatures. ℎ𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (W/m²-K) is the average convection coefficient of the gas within
the build chamber and 𝐴𝑎𝑚𝑏𝑖𝑒𝑛𝑡 (m²) is the area of the part exposed to the chamber.

4.1.3. Modeling Technique
As stated previously, the present experiment will test the effects of the various
input factors on the stresses and deformations within the SLM process. The SLM process
is cyclic and follows a regular pattern of heating and cooling as it builds a 3-D part, so
the relationship between factors should be consistent at a particular state of the process,
regardless of the number of cycles that have been completed so a complete simulation of
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the process is unnecessary. Because the SLM process is cyclic, the thermal history is a
factor that must be considered; however, also because it is cyclic, the part under
construction converges to a steady-state temperature each cycle, which makes possible
the calculation of the temperature gradient within the material between the current heat
state and this steady-state temperature at the instant it was “frozen.” This fact of
convergence and heat gradient within the material is well-established in the published
literature on SLM (Hussein et al., 2013b; Hodge et al., 2014; Li et al., 2010; Dai & Gu,
2014; Roberts et al., 2009; Fu & Guo, 2014) and is the key to establishing the inputs and
boundary conditions at the “frozen” state that will be used in the FEA model.
The geometry selected to represent the “frozen” SLM process is a simple blockand-protrusion form, as shown in Figures 4.1.2 and 4.1.3. To this simple model will be

Figure 4.1.2: Simple Block-and-Protrusion Geometry for Experiment

added the appropriate boundary conditions; these will include surface temperatures,
displacement constraints, and supports as discussed in Section 4.2.
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It should be noted that the geometry includes severe potential stress
concentrations (Beer et al., 2009, p. 107) near the interface between the overhanging
feature and the part body; this is by design, as it gives a realistic view of what would
actually happen in the process for such geometries. In actual design, fillets or chamfers
would be added to mitigate the effects of this, but it was decided not to use these in this
experiment. Leaving in the stress concentrations adds an extra analysis feature to the
model, namely that it allows the study and discussion of a legitimate concern in the
design-for-manufacturability for this process; in practice, it is impossible to completely
eliminate stress concentrations in part features during design without limiting the
functionality of the design and restricting the geometric freedom of AM processes.
During the analysis of the data, a transform will be introduced and applied to the data in
order to cancel out the effect of the stress concentration and allow the results to be
compared to published stress results.

Figure 4.1.3: Overhang Geometry with Stress Concentrations Indicated
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4.2. Finite Element Model
4.2.1. Finite Element Method
The finite-element or FEA method is a most powerful and useful method for
solving complex problems, particularly in heat transfer and fluid mechanics. The inability
of generations of engineers and scientists to produce a generalized series of equations that
satisfy all the possible boundary conditions for heat transfer and fluid mechanics
problems makes methods like FEA particularly useful. The FEA method is based on the
idea that “the solution u of a differential equation can be represented as the linear
combination of unknown parameters 𝑐𝑗 and appropriately selected functions 𝜑𝑗 over the
entire domain of the problem” (Ready & Gartling, 1994, p. 25). In other words, a
complex problem with unique boundary conditions can be organized into a giant matrix
of smaller scaled functions and solved piecemeal using the FEA method.

4.2.2. Establishing Loads and Boundary Conditions
The SLM process utilizes a laser to selectively melt the layers of powder and this
laser power input is the only
input load on the system. As
discussed in the section on
the theoretical model, there
are

output

loads

from

conduction, convection, and
radiation from the overhang
feature to the surroundings

Figure 4.2.1: Simple Energy Balance Model - System
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within the system. Figure 4.2.1 shows the “system” in question with its various loads,
where the red arrows represent the loads.

Figure 4.2.2: Model Surfaces

As the name suggests, boundary conditions place one or more “boundaries” on
the system, usually by means of displacements and surface tractions; displacements
typically thought of as “supports” that restrict motion and deformation, while surface
tractions are external stresses or conditions that influence the system (Cook, 1995, p. 45).
In the experiment at hand, there are no external stresses to be modeled so only
displacement boundary conditions must be considered. In addition to the boundary
conditions, some “initial conditions” must be established; initial conditions are often
confused with boundary conditions, but in the context of this experiment that are quite
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distinct. Initial conditions are defined as the physical conditions at the boundaries and
especially within the system at the beginning of the analysis (Bergman et al., 2011, p. 9091), which in this experiment are the initial temperatures of all the surfaces within the
system before the analysis.
The specific conditions that will be applied to the system during this analysis are:
1. An initial temperature at each surface (Figure 4.2.2), some assumed and some
calculated using the equations in Section 4.1.
2. Displacement restriction on three faces (Figure 4.2.3) to “fix” the part in place.
3. During the runs requiring a support structure for the overhang, the bottom of the
feature will have motion restricted in the Z-direction (Figure 4.2.4).

Figure 4.2.3: Displacement Constraints in Model
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Figure 4.2.4: Support Constraint

4.2.3. Nodes and Meshes
Once the loads, initial conditions, and boundary conditions are established and
applied to the model, it must then be discretized (divided up) into smaller elements
(Reddy & Gartling, 1994, p. 25-28) that will be analyzed by the FEA software. The
interface points between these elements are known as nodes. The creation of these
elements and nodes in an FEA model is a process known as meshing and is done with the
touch of a button with the SolidEdge Femap® software that will be used to form and
analyze this experiment (Figure 4.2.5). The mesh to be used for all runs of the current
experiment was chosen to be a 14.26-mm tetrahedral mesh, which gives 1780 nodes
between 1013 elements for the dimensions shown in Figure 4.2.6.
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Figure 4.2.5: Meshed Solid Geometry

Figure 4.2.6: Test Sample Dimensions
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Chapter 5: The 2⁵ Full Factorial Experiment

Chapter 4 described in detail the setup of the FEA model geometry, nodes, and
meshes. Chapter 5 describes in detail the setup and preprocessing, as well as the running
and analysis of the 64 cases in the current experiment. As stated previously, there are 5
factors to be considered for each of four responses with a complete set of cases for each
of two materials.

5.1. Full Experiment Run
5.1.1. Setup and Preprocessing
Before the analysis can begin for each case, it must be setup and preprocessed. In
the case of the present thesis, this includes:
1. Creation of CAD model of the body to be analyzed
2. Selection of the case parameters
a. Selection of input parameter case
b. Calculation of loads
c. Establishment of boundary conditions
d. Establishment of initial conditions
e. Selection of material
3. Application of case parameters to model
4. Meshing of model and verification of the mesh

Fortunately, in the case of the current experiment, much of the work in doing this
is standardized or done automatically. In SolidEdge Femap® the CAD model must be
made manually, but only one CAD model must be made for each geometry case as
multiple load cases can be run with the same CAD model; the current experiment
involves the creation of four models to analyze 64 cases. The selection of input parameter
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case is trivial, as it is based on the factorial experiment design discussed in Chapter 3.
Calculation of the loads and establishment of the boundary conditions and initial
conditions should be done using the equations discussed in Section 4.1. Application of
the parameters to the CAD model and the creation of the mesh can be done automatically
in the software, saving time and work. Luckily, the verification of the mesh (checking for
discontinuities and divergences within the mesh and its equations) is done automatically
when the model is run. Once these steps have been completed, the FEA model is ready to
process.

5.1.2. Data Collection Technique
The data collection technique in SolidEdge Femap® is a very simple push-button
process. Once the processing is done and the results are displayed, the researcher has to
simply select the desired response (the default response is the Von Mises stress) and use a
tool called the “probe tool” to read the value of the response at a desired location.

5.1.3. Assumptions
Unfortunately, this type of model requires quite a few assumptions and
approximations, as it is an FEA model and not a detailed simulation. It is far more
accurate than an analytic heat transfer model, but less so than a detailed simulation. Effort
was made to ensure that all of the assumptions and approximations used in this
experiment are logical and reasonable and/or are based upon the published literature.
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Assumption 1: The chamber is filled with air, not argon
Justification: The convection properties of argon could not be found in the literature, but
the conduction properties are very similar to air so it is assumed that the convection
properties are also similar. In practice, using air in the chamber would be an extremely
bad idea, but for the purpose of the analysis the approximation should still produce valid
results.
Assumption 2: The ambient temperature in the chamber is 100°C
Justification: Many of the published models assumed an ambient temperature of 20-25°C,
but it seemed more realistic to the author to assume 100°C due to the very hot metal
sitting within the chamber for many hours during printing.
Assumption 3: The steady-state temperature in layers near laser is 450°C
Justification: Based on results of experiments by Fu & Guo (2014), Hussein et al.
(2013b), Hodge et al. (2014), Li et al. (2010), Dai & Gu (2014), and Roberts et al. (2009),
a steady-state surface temperature of 450°C seems very reasonable for a part that is
partially compete and has been “cooking” for a significant amount of time.
Assumption 4: The average powder bed temperature is 350°C
Justification: Since most of the powder is not in contact with the laser and has a very
large (relatively) surface area to lose heat by convection into the chamber it is assumed
that the powder is 100°C cooler on average than the steady-state part temperature on the
build surface. This assumption needs further justification in future experiments.
Assumption 5: The temperature of the non-loaded surfaces buried in the powder is a
uniform 350°C
Justification: Based on assumption 3, the temperature of the body should be a steady
450°C; however, the powder is cooler on average than the part body and there is some
conduction from the main part body into the powder. It is assumed that after a long
period of time (possibly several hours in this case), the part surfaces that are not scanned
by the laser will converge to the temperature of the powder bed.
Assumption 6: Scans do not overlap
Justification: This is to more easily calculate the number of scans from the beginning of
the current layer till the time when the process is “frozen” for analysis. This assumption
needs further justification in future experiments.
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Assumption 7: Melt pool diameter increases proportionally to the increase in laser
diameter
Justification: This is an approximation to simplify the analysis. This assumption needs
further justification in future experiments.
Assumption 8: Temperature gradient after scan is 300°C/s
Justification: After studying various temperature distributions by Fu & Guo (2014),
Hussein et al. (2013b), Hodge et al. (2014), and Song et al. (2012), this gradient seemed
reasonable for this experiment.
Assumption 9: Temperature in very center of the laser spot is 6000°C, for the 80W laser,
which cools to 2500°C 0.075mm away from the center. The temperature readings for the
110W laser are 6100°C and 2600°C
Justification: Based on a number of simulations, particularly those by Fu & Guo (2014),
Song et al. (2012), Hodge et al. (2013b), Li et al. (2010), and Hussein et al. (2013b), it
was decided that these were the most reasonable temperature loads for these power
settings and scan speeds.
Assumption 10: The ambient temperature in the powder bed is approximately 18mm
away from the part
Justification: Approximation to simplify analysis. Logically, the powder immediately
around the part would be much hotter than the overall powder bed, so it assumed that the
heat will conduct though this hotter region to get to the cold sink of the powder bed. For
the purposes of this analysis, it is assumed that this distance is 18mm. This assumption
needs further justification in future experiments.
Assumption 11: The laser melting spot can be modeled as a square
Justification: The temperature from a heat flux is only dependent on the area of the spot,
not its geometry. A square spot should give the same results as a round one and works
better with the FEA mesher (small round features cause tetrahedral meshes to have
problems).
Assumption 12: The support material (for the supported cases) does not significantly
affect the heat transfer through the overhang
Justification: Most likely, in a real application, a lattice-type support would be used and
only 1-2% of the surface area would actually be in contact with the support structure.
This is insignificant and would only complicate the model without providing any real
benefit to the analysis.
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Assumption 13: The emissivity of the surface is uniform over the model surfaces
Justification: The emissivity is based on geometric shape, surface coating, and body
temperature (Electro-optical). Since shape and surface coatings do not change, any
change in emissivity would be due to body temperature changes. As discussed in
Assumption 3, the body temperature should reach a constant steady-state value for the
majority of the part body, so the emissivity should be pretty constant except in small local
areas throughout the experiment.
Assumption 14: The phase-change (melt pool) area is so small compared to the solid
areas of the part that it does not significantly influence the heat transfer or thermal
properties of the overall part.
Justification: The molten area is not more than 1 mm² including the 0.3 mm² melt pool,
compared to an overhang surface area of 247 mm² and body top surface area of 5800
mm².

5.2. Example: One Complete Run
In order to demonstrate the experiment and to address questions or concerns the
reader may have about the actual mechanics of the experiment, this sections presents one
complete replication in great detail. The details of all 64 experiments are shown in
Appendix B; this demonstration is the melt pool Von Mises stress response for the Ti6Al-4V case for the (-1, -1, -1, -1, -1) experiment.
Combination of factors: Laser power = 80W, laser spot diameter is 0.026mm,
scan speed is 200mm/s, the overhang feature is 2.5mm thick, and no specific support
structure was used.
Step 1: Creation of geometry. This was done in Section 4.1.3 and reader is
referred to that section. The part body and overhang were shown in Figures 4.1.2 and
4.1.3.
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Step 2: Calculation and application of loads. First, the steady state temperatures
are applied to the faces that are buried in the powder (350°C for all faces – Figure 5.2.1).
Next, the steady-state temperature is applied to the top surface of the body (450°C –
Figure 5.2.2).

The temperatures of the overhang need to now be calculated:
a. As discussed previously, the laser spot temperature is 6000°C but for all practical
purposes is 2500°C for most of the melt spot. Since the laser is scanning at
200mm/s, the spot is in the middle of the feature when “frozen,” and the laser
track is only 6.5 mm long, it is assumed that the scan has not had time to cool in
the milliseconds since it was heated and the entire scan path from the edge to the
current position is also 2500°C.
b. Since the scanning speed is 200mm/s and the melt pool diameter is 0.15 mm in
diameter, there have been 127 scans since the beginning, which has taken 8.26
seconds to complete. At a cooling rate of 300°C/s, the steady state temperature
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has been reached at the very beginning portion of the scan (Figure 5.2.3). This
gives an average temperature of 1475°C for the top surface of the overhang.
c. With an average temperature of 1475°C on the top surface, the convection and
radiation losses can be calculated (Figure 5.2.4).

Using the previously discussed model equations, the convection loss is:
𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = ℎ𝑎𝑖𝑟 𝐴𝑎𝑖𝑟 (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
=5

𝑊
∗ 0.000247𝑚2 ∗ (1475°𝐶 − 100°𝐶) = 1.70 𝑊
𝑚2 𝐾
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The radiation loss is:
4
4
)
𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝜀𝑇𝑖 𝜎𝐴𝑎𝑖𝑟 (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
− 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡

= 0.325 ∗ 0.0000000567

𝑊
∗ 0.000247𝑚2
𝑚2 𝐾 4

∗ ((1475°𝐶)4 − (100°𝐶)4 ) = 22.54 𝑊
d. Next, the conduction loss into the part body must be calculated (Figure 5.2.4).
With an average body temperature of 350°C, the conduction loss is:
𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑏𝑜𝑑𝑦 =

𝑘 𝑇𝑖 𝐴𝑎𝑖𝑟
(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
𝐿
= 14

𝑊 0.000247𝑚2
∗
∗ (1475°𝐶 − 350°𝐶 ) = 4.79 𝑊
𝑚𝐾
6.5𝑚𝑚

e. The final temperature that needs to be calculated is the one on the bottom of the
overhanging feature. With the heat losses from the top by convection and
radiation, the remaining flux is 51.97 W to be conducted through the overhang.
With the average heat traveling distance of 1.5 mm (average distance to surface
that is in contact with the powder) and calculating the area contacting the powder,
the temperature is:
𝑇𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑇𝑡𝑜𝑝 −

𝑞𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 ∗ 𝐿
51.97𝑊 ∗ 1.5𝑚𝑚
= 1475°𝐶 −
= 1452.5°𝐶
𝑊
𝑘 𝑇𝑖 ∗ 𝐴𝑠𝑢𝑟𝑓
14 𝑚𝐾 ∗ 0.00025𝑚2

The heat loads are now complete in preparation for applying the boundary
conditions (Figure 5.2.5). If desired, the heat fluxes through the sides and bottom
can be calculated using the area ratios, but it doesn’t matter to this analysis.

55

Step 3: Establishing the boundary conditions. The only boundary conditions
needed here are ones to fix the part in place during the analysis. These are shown in
Figure 5.2.5.
Step 4: Initial conditions. Since this model has only heat loads, the initial
conditions were calculated along with the heat loads in Step 2.
Step 5: Meshing. The mesh is then applied to the model in preparation for running
it (Figure 5.2.6).
Step 6: Running model
Step 7: Analysis and data collection. Once the model has been run, the Probe tool
can be used to collect the needed data. Figure 5.2.7 shows the Von Mises stress response
from this sample run of the experiment at the moment when the experiment was frozen.
According the scale provided in the plot, the dark area in the center of the molten area
indicates stress that is higher than the yield stress of the material, which is causing plastic
deformation of the feature and generating residual stresses at that moment. A closer view
is shown, along with a demonstration of the probe tool, in Figure 5.2.8. While the melt
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pool itself is in halfway across the part, the stresses do not begin to show up until the
material begins to solidify and the molten area itself has much lower stress than the area
immediately around it; the plot shows this phenomenon very well.

Examples of other possible outputs that can be collected from this run of the
experiment are Figures 5.2.9 – 5.2.10. Figure 5.2.9 is the temperature field in the part at
the moment it was frozen for this analysis; as can be seen, the part cools very rapidly
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after being scanned by the laser, which contributes to the residual stresses. Figure 5.2.10
is the thermal deformation response, which is one of the responses collected for this
particular experiment. The particular deformation shown here is the deformation in the
direction normal to the top surface of the feature. According to the scale, the darker the
color, the higher the deformation; this particular plot suggests that the part is curling
upwards as the laser is scanning, with a slightly higher deformation on the side where the
laser just scanned.

Figure 5.2.9: Temperature Distribution Response

Figure 5.2.10: Thermal Deformation Response
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This ends this sample run of the experiment. In all, 64 runs were performed and
256 datapoints taken, which will be examined in Chapter 6. The complete set of data for
these experiments can be found in Appendix A: Raw Data Collected In Experiment.
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Chapter 6: Data Analysis

Chapter 6 explores the results from the 64 experiments completed in Chapter 5. The
basic summary statistics were calculated, an Analysis of Variance (ANOVA) was
performed, and model adequacy was tested for each of the four responses.
The factors in question are:
A: Laser power (low = 80W, high = 110W)
B: Laser spot diameter (low = 26μm, high = 0.05μm)
C: Laser scan speed (low = 200mm/s, high = 300mm/s)
D: Overhanging feature thickness (low = 2.5mm, high = 5mm)
E: Overhang support status (low = no support, high = support structure)

6.1. Response 1 – Melt Pool Stress for Ti-6Al-4V
Table 6.1.1 shows the basic summary statistics for the melt pool stress (Von
Mises Stress) for the Ti-6Al-4V case.
Table 6.1.1: Summary Statistics

Figure 6.1.1: Normal Effects Plot
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6.1.1. Analysis of Variance (ANOVA)
The first step in the ANOVA process is to identify the potentially significant
factors and interactions; a normal effects plot (Figure 6.1.1) is used for this. A
significance level of α = 0.25 was used for the analysis of this response. The normal
effects plot identifies factors A, D, and E and interactions BC, BD, and BCD as
potentially having a significant impact on the Von Mises stress near the melt pool. The
Factors B and C and interaction CD need to be included in the analysis in order to
preserve model hierarchy.
Table 6.1.2: ANOVA Table

According to the ANOVA, all of the tested factors and interactions have
significant influence on the Von Mises stress near the melt pool, including the ones that
were included just for model hierarchy. Specifically, factors A, B, C, D, and E and
interactions BC, BD, CD, and BCD have a significant influence on the experimental
response at the 25% level. The most significant factors were D and E, so it can be
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concluded that feature thickness and support material status have the largest impact on
the response for this case. The model fitted for this response by the ANOVA is a linear
model with a P-value of less than 0.005, so a linear model is a good choice.

6.1.2. Model Adequacy Analysis
A very important part of an analysis is to test model adequacy, as an invalid
model produces invalid conclusions. Model adequacy is tested by examining the validity
of three assumptions using a 4-in-1 residual plot (Figure 6.1.2): normality, equal
variances, and data independence. First, the normality of the data was tested using a
normal probability plot (top left of Figure 6.1.2) and the Anderson-Darling test. This plot
shows some clumping in a few spots and a definite right skew; no outliers, significant
gaps or clear tails are to be found.

Figure 6.1.2: Residual Plots

62

The Anderson-Darling test gives a P-value of 0.765 > 0.05, so the normality
assumption is not rejected and it is concluded that the residuals (error distribution) follow
a normal distribution. The versus-fits plot (top right of Figure 6.1.2) indicates if the
constant variances assumption was valid or not; there are some indications of a pattern
developing but it should not be a problem as the residuals appear to be mostly random
and the slight pattern is formed by a small number of points. The versus-order plot
(bottom right of Figure 6.1.2) is used to validate the independence assumption. There are
definitely some areas where the data is cycling evenly, but it doesn’t seem to follow a
specific pattern overall so the independence assumption cannot be rejected. Therefore, all
three of the assumptions are satisfied and the model has been shown to be adequate.

6.2. Response 2 – Central Feature Stress for Ti-6Al-4V
Table 6.2.1 shows the basic summary statistics for the central feature stress (Von
Mises Stress) for the Ti-6Al-4V case.
Table 6.2.1: Summary Statistics

Figure 6.2.1: Normal Effects Plot
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6.2.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.2.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors B, C,
D, and E and interactions BC, and BCE as potentially having a significant impact on the
Von Mises stress a few millimeters away from the melt pool. Interactions BE and CE
need to be included in the analysis to preserve model hierarchy.
Table 6.2.2: ANOVA Table

According to the ANOVA, all of the tested factors (B, C, D, and E) and
interactions (BC, BE, CE, and BCE) have significant influence on the Von Mises stress a
few millimeters away from the melt pool, including the ones that were included just for
model hierarchy. The most significant factors were C and E, so it can be concluded that
scan speed and support material status have the largest impact on the response for this
case. The model fitted for this response by the ANOVA is a linear model with a P-value
of less than 0.005, so a linear model is significant for this response.
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6.2.2. Model Adequacy Analysis
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.2.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
Figure 6.2.2) and the Anderson-Darling test. This plot shows some clumping in a few
spots and a definite right skew; no outliers, significant gaps or clear tails are to be found.

Figure 6.2.2: Residual Plot

The Anderson-Darling test gives a P-value of 0.576 > 0.05, so the normality
assumption is not rejected and it is concluded that the data follows a normal distribution.
The versus-fits plot (top right of Figure 6.2.2) indicates if the constant variances
assumption was valid or not; this plot does not show any major patterning and the
residuals seem random and well spread out, so the constant variances assumption is valid.
The versus-order plot (bottom right of Figure 6.2.2) is used to validate the independence
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assumption. There are definitely some areas where the data is cycling or trending for a
few points, but it doesn’t seem to follow a specific pattern so the independence
assumption cannot be rejected. Therefore, all three of the assumptions are satisfied and
the model has been shown to be adequate.

6.3. Response 3 – Melt Pool Deformation for Ti-6Al-4V
Table 6.3.1 shows the basic summary statistics for the melt pool deformation
(mm) for the Ti-6Al-4V case.
Table 6.3.1: Summary Statistics

Figure 6.3.1: Normal Effects Plot

6.3.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.3.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors D and
E and interactions CD, CE, DE, ABC, ACD, and BCD as potentially having a significant
impact on the thermal deformation near the melt pool. Interactions AB, AC, AD, BC, and
BD need to be included in the analysis to preserve model hierarchy.
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Table 6.3.2: ANOVA Table

According to the ANOVA, factors D and E and interactions CD, CE, DE, ABC,
ACD, and BCD have a significant influence on the thermal deformation near the melt
pool at the 25% level. All of the other tested factors have P-values greater than 0.25 so
none of them are significant for this response. The model fitted for this response by the
ANOVA is a linear model with a P-value of less than 0.005, so a linear model is a good
fit for this response.

6.3.2. Model Adequacy Analysis
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.3.2): normality, constant variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
Figure 6.3.2) and the Anderson-Darling test. This plot shows some significant clumping
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in a couple spots, at least one clear outlier, and a left skew; no significant gaps or clear
tails are to be found.

Figure 6.3.2: Residual Plots

The Anderson-Darling test gives a P-value of 0.489 > 0.05, so the normality
assumption is not rejected and it is concluded that the data follows a normal distribution.
The versus-fits plot (top right of Figure 6.3.2) indicates if the equal variances assumption
was valid or not; there seems to possibly be some issues with patterning, but the whole
pattern seems to be formed by just one of the datapoints which is likely just an outlier.
Therefore, the constant variances assumption should hold for this model. The versusorder plot (bottom right of Figure 6.3.2) is used to validate the independence assumption.
There are definitely some areas where the data is cycling or trending for a few points, but
it doesn’t seem to follow a specific pattern so the independence assumption cannot be
rejected. Therefore, the model has been shown to be adequate.
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6.4. Response 4 – End Feature Deformation for Ti-6Al-4V
Table 6.4.1 shows the basic summary statistics for the end feature deformation (in
mm) for the Ti-6Al-4V case.
Table 6.4.1: Summary Statistics

Figure 6.4.1: Normal Effects Plot

6.4.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.3.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors C and
E and interactions BC, CD, CE, DE, ABC, CDE, and ACDE as potentially having a
significant impact on the thermal deformation at the end of the feature. Factors A, B, and
D and interactions AB, AC, AD, AE, ACD, ACE, and ADE need to be included in the
analysis to preserve model hierarchy.
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Table 6.4.2: ANOVA Table

According to the ANOVA, factors B, C, D and E and interactions AC, AE, BC,
CD, CE, DE, ABC, ACD, ACE, CDE, and ACDE have a significant influence on the
thermal deformation at the end of the overhanging feature at the 25% level. All of the
other tested factors have P-values greater than 0.25 so none of them are significant for
this response. The model fitted for this response by the ANOVA is a linear model with a
P-value of less than 0.005, so a linear model is a good fit for this response.

6.4.2. Model Adequacy and Conclusions
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.4.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
Figure 6.4.2) and the Anderson-Darling test. This plot shows some significant clumping
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in many spots, a slight left skew, and possible short tails; no significant gaps or outliers
are to be found.

Figure 6.4.2: Residual Plot

The Anderson-Darling test gives a P-value of 0.897 > 0.05, so the normality
assumption is not rejected and it is concluded that the data follows a normal distribution.
The versus-fits plot (top right of Figure 6.4.2) indicates if the constant variances
assumption was valid or not; the residuals in this plot are obviously random and do not
show any kind of patterning. Therefore, the assumption is valid. The versus-order plot
(bottom right of Figure 6.4.2) is used to validate the independence assumption. There are
definitely some areas where the data is cycling or trending for a few points, but it doesn’t
seem to follow a specific pattern so the independence assumption cannot be rejected.
Therefore, the model has been shown to be adequate.
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6.5. Response 5 – Melt Pool Stress for SS316L
Table 6.5.1 shows the basic summary statistics for the melt pool stress (Von
Mises Stress) for the SS316L case.
Table 6.5.1: Summary Statistics

Figure 6.5.1: Normal Effects Plot

6.5.1. Analysis of Variance (ANOVA)
The first step in the ANOVA process is to identify the potentially significant
factors and interactions; a normal effects plot (Figure 6.5.1) is used for this. A
significance level of α = 0.25 was used for the analysis of this response. The normal
effects plot identifies factors A, D, and E and interactions AC, AD, AE, BC, ABC, ADE,
and BCD as potentially having a significant impact on the Von Mises stress near the melt
pool. The factors B and C and interactions AB, BD, CD, and DE need to also be included
in the analysis in order to preserve model hierarchy.
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Table 6.5.2: ANOVA Table

According to the ANOVA, factors A, D, and E and interactions AC, AD, AE, BC,
ABC, ADE, and BCD have significant influence on the Von Mises stress in the melt
pool. The most significant factors were D and E, so it can be concluded that feature
thickness and support material status have the largest impact on the response for this
case. The model fitted for this response by the ANOVA is a linear model with a P-value
of less than 0.005, so a linear model is a good choice for the data.

6.5.2. Model Adequacy Analysis
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.5.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
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Figure 6.5.2) and the Anderson-Darling test. This plot shows some clumping in a few
spots and a definite right skew; no outliers, significant gaps or clear tails are to be found.

Figure 6.5.2: Residual Plot

The Anderson-Darling test gives a P-value of 0.412 > 0.05, so the normality
assumption is not rejected and it is concluded that the data follows a normal distribution.
The versus-fits plot (top right of Figure 6.5.2) indicates if the equal variances assumption
was valid or not; except for a couple of outliers, it seems that the residuals are spread out
well and do not seem to be following any particular pattern. Therefore, the constant
variances assumption seems to be valid. The versus-order plot (bottom right of Figure
6.5.2) is used to validate the independence assumption. There are definitely areas where
the data is cycling, but it doesn’t seem to follow a specific pattern so the independence
assumption cannot be rejected; however, there are questions raised about the
independence of this set based on the right ¼ of the plot (even if the independence
assumption cannot be immediately rejected) and this should be addressed in future
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research projects. For this experiment, all three of the assumptions are determined to be
satisfied and the model has been shown to be adequate.

6.6. Response 6 – Central Feature Stress for SS316L
Table 6.6.1 shows the basic summary statistics for the central feature stress (Von
Mises Stress) for the SS316L case.
Table 6.6.1: Summary Statistics

Figure 6.6.1: Normal Effects Plot

6.6.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.6.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors D and
E and interactions BE, CE, ABD, ACE, and ABDE as potentially having a significant
impact on the Von Mises stress a few millimeters away from the melt pool. Factors A, B,
and C and Interactions AB, AC, AD, AE, BD, DE, ABE, ADE, and BDE need to be
included in the analysis to preserve model hierarchy.
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Table 6.6.2: ANOVA Table

According to the ANOVA, factors D and E and interactions AC, BD, BE, CE,
DE, ABD, ACE, and ABDE have significant influence on the Von Mises stress a few
millimeters away from the melt pool at the 25% level. The most significant factor is E, so
it can be concluded that the support material status has the largest impact on the response
for this case. The model fitted for this response by the ANOVA is a linear model with a
P-value of 0.000, so a linear model is significant for this response.
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6.6.2. Model Adequacy and Conclusions
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.6.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
Figure 6.6.2) and the Anderson-Darling test. This plot shows a slight right skew and
some clumping; no outliers, significant gaps or clear tails are to be seen.

Figure 6.6.2: Residual Plot

The Anderson-Darling test gives a P-value of 0.955 > 0.05, so the normality
assumption is not rejected and it is concluded that the data follows a normal distribution.
The versus-fits plot (top right of Figure 6.6.2) indicates if the constant variances
assumption was valid or not; in this case there is a clear cone-shaped pattern and this
needs further examination. The versus-order plot (bottom right of Figure 6.6.2) is used to
validate the independence assumption. There are definitely some areas where the data is
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cycling or trending for a few points, but it doesn’t seem to follow a specific pattern so the
independence assumption cannot be rejected; however, there are questions raised about
the independence of this set based on the left half of the plot (even if the independence
assumption cannot be immediately rejected). In light of the issues with the assumptions
related to the variances and the independence, a Box-Cox transform (Figure 6.6.3) was
applied to this response to see if a transform can help with the issues discussed above.

Figure 6.6.3: Box-Cox Transform

After applying the transform, Figure 6.6.4 shows the new residual plot:

Figure 6.6.4: Residual Plot of Transformed Data
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As can be seen, the normality assumption still holds for the transformed residual
data. The versus fits plot shows definite improvement over the original residual analysis,
so it can be concluded that the transformed residual data has approximately constant
variances. Unfortunately, the questions about the independence of the data were not
satisfied by the transformed residual data. However, these doubts about the independence
are not serious enough to warrant rejecting the model. More work needs to be done in
order to verify this model before model adequacy can be established with confidence.

6.7. Response 7 – Melt Pool Deformation for SS316L
Table 6.7.1 shows the basic summary statistics for the melt pool deformation
(mm) for the SS316L case.
Table 6.7.1: Summary Statistics

Figure 6.7.1: Normal Effects Plot

6.7.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.7.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors D and
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E and interactions BC, CD, CE, DE, ABC, ACE, BCD, CDE, and ABCD as potentially
having a significant impact on the thermal deformation near the melt pool. Factors A, B,
and D and interactions AC, AD, and ADC need to be included in the analysis to preserve
model hierarchy.
Table 6.7.2: ANOVA Table

According to the ANOVA, factors D and E and interactions AB, AE, BC, BD,
CD, CE, DE, ABC, ABD, ACE, BCD, CDE, and ABCD have significant influence on the
thermal deformation near the melt pool at the 25% level. All of the other tested factors
have P-values greater than 0.25 so none of them are significant for this response. The
model fitted for this response by the ANOVA is a linear model with a P-value of less
than 0.005, so a linear model is a good fit for this response.
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6.7.3. Model Adequacy Analysis
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.7.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
Figure 6.7.2) and the Anderson-Darling test. This plot shows some significant short tails
and a slight left skew; no gaps, clumping or outliers were to be found.

Figure 6.7.2: Residual Plot

The Anderson-Darling test gives P-value of 0.142 > 0.05, so the normality
assumption cannot be rejected and it is concluded that the error data does follow a normal
distribution at a 5% level. The versus-fits plot (top right of Figure 6.7.2) indicates if the
constant variances assumption was valid or not; in this case, the residual data has a nice
random spread so the assumption is valid. The versus-order plot (bottom right of Figure
6.7.2) is used to validate the independence assumption. There does not seem to be any
concerning cycling or trending so the independence assumption cannot be rejected.
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6.8. Response 8 – End Feature Deformation for SS316L
Table 6.8.1 shows the basic summary statistics for the end feature deformation
(mm) for the SS316L case.
Table 6.8.1: Summary Statistics

Figure 6.8.1: Normal Effects Plot

6.8.1. Analysis of Variance (ANOVA)
The normal effects plot is shown in Figure 6.8.1. A significance level of α = 0.25
was used for the analysis of this response. The normal effects plot identifies factors D and
E and interactions BC, CD, CE, DE, ABC, ACE, BCD, CDE, and ABCD as potentially
having a significant impact on the thermal deformation at the end of the feature. Factors
A, B, and C and interactions AB, AC, AD, AE, BD, ABD, and ACD need to be included
in the analysis to preserve model hierarchy.
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Table 6.8.2: ANOVA Table

According to the ANOVA, factors C, D and E and interactions AE, BC, BD, CD,
CE, DE, DE, ABC, ACE, BCD, CDE, and ABCD have a significant influence on the
thermal deformation at the end of the overhanging feature at the 25% level. All of the
other tested factors have P-values greater than 0.25 so none of them are significant for
this response. The model fitted for this response by the ANOVA is a linear model with a
P-value of less than 0.005, so a linear model is a good fit for this response.

6.8.2. Model Adequacy and Conclusions
Model adequacy is tested by examining the validity of three assumptions using a
4-in-1 residual plot (Figure 6.8.2): normality, equal variances, and data independence.
First, the normality of the data was tested using a normal probability plot (top left of
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Figure 6.8.2) and the Anderson-Darling test. This plot shows some significant clumping
in a couple spots and a slight left skew; no significant gaps, tails, or outliers were found.

Figure 6.8.2: Residual Plot

The Anderson-Darling test gives a P-value of 0.866 > 0.05, so the normality
assumption is not rejected and it is concluded that the error data follows a normal
distribution. The versus-fits plot (top right of Figure 6.8.2) indicates the validity of the
constant variances assumption; in this case the assumption is obviously good because the
residual data had a nice random spread, except for a couple of minor outliers. The versusorder plot (bottom right of Figure 6.8.2) is used to validate the independence assumption.
There are definitely some areas where the data is cycling or trending for a few points, but
it doesn’t seem to follow a specific pattern so the independence assumption cannot be
rejected. Therefore, the model has been shown to be adequate.
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Chapter 7: Discussion of Results

The present thesis examined the effects of five input factors (laser power, laser
spot diameter, laser scan speed, feature thickness, and support status) on a 90-degree
overhanging part feature on a part made by the SLM additive manufacturing process
using a 25 full factorial experiment. The responses were melt pool stress, central feature
stress, melt pool deformation, and end feature deformation. The melt pool stress is the
maximum Von Mises stress in the material near the melt pool on the surface that is being
scanned by the laser; the purpose of recording this response was to see how much plastic
deformation was taking place in the material during heating. The central feature stress is
the Von Mises stress approximately 5mm away from the melt pool in a region that was
recently (less than 4 seconds prior) scanned by the laser; this response is important as it
shows the stress gradient in the material for each case as it cools.

The melt pool

deformation response gives the amount of thermal deformation that occurs in solid
material immediately around the melt pool, measured as millimeters of deformation in
the Z-direction; similar to the melt pool stress, this response helps determine the local
plastic deformation in the material in order to study the production of residual stresses.
The final response, the end feature deformation, gives the amount (in millimeters of
displacement in the Z-direction) that the entire feature has deformed under the heat load.
Since SLM equipment was not available for this experiment, a static FEA thermal
model was created using SolidEdge Femap® to simulate a specific point during the SLM
process. Using this model, 64 experiments were done; two identical 25 full factorial
experiments on two different materials comprise these 64 experiments (Appendix B). The
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static FEA thermal model development, assumptions and mechanics are discussed in
detail in Chapters 4 and 5. It should be noted once again that the model has not been
experimentally verified, as that would be a massive experiment in itself. The model
created here is something of a “first cut” attempt based on logic and basic theory; very
meager resources were available to the author during the research, as no expensive
software, experimental equipment, or strong, established background resources were
available due to cost and time constraints and the very young age of this technology.
However, creating a thermal model was a secondary goal of this research and was done to
aid in the accomplishment of the primary goal: to set up the factorial experiments and
demonstrate their mechanics by providing data. A future research project the author has
in mind is to experimentally verify the heat transfer model, adjusting wherever needed,
and to rerun the experiment to compare with the results from the present thesis.
The first and most important step in this analysis is to compare the results of the
two material cases, as the experiments were identical except for the material difference.
Figure 7.1.1 is the boxplot for the melt pool stress response for the two materials. The
stainless steel has a much higher mean stress than the titanium, which is to be expected
due to the higher ductility and thermal properties of the stainless steel. The central feature
stress boxplot (Figure 7.1.2) shows a similar relationship, but with less severe of a
difference. In both stress cases, the titanium alloy stress values were much tighter and
more consistent than those of the stainless steel. Normally, titanium alloys are much more
brittle than stainless steels, but the effects of the additive manufacturing actually makes
the stainless steel more brittle and the titanium alloy more ductile (in some cases, the
change is so great that the titanium alloy in question can actually become more ductile
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than stainless steel), as discussed in Section 7 in Chapter 2. It must be remembered that a
large stress concentration exists in the model part; the combination of this stress
concentration and the difference in physical and thermal properties between the materials
can explain the large gap in stress readings between the two materials for the same
response.

Figure 7.1.1: Boxplot for Responses 1 & 5

Figure 7.1.2: Boxplot for Responses 2 & 6

The deformation responses for each of the materials are much more consistent between
the materials than the stresses were, further suggesting that much of the difference
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between the titanium alloy and stainless steel in terms of stress was due to the stress
concentration in the geometry. Figures 7.1.3 and 7.1.4 show the boxplots for the melt
pool deformation and the end feature deformation, respectively. It makes sense that the
thermal deformation is higher for the stainless steel in both cases, as it has much lower
yield strength than the titanium alloy (as discusses in Chapter 2).

Figure 7.1.3: Boxplot for Responses 3 & 7

Figure 7.1.4: Boxplot for Responses 4 & 8
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Now, to discuss the experiment itself: three important pieces of information can
be collected from these experiments besides the data. These are model adequacy,
significant factors, and significant interactions. Model “adequacy” is a test of how
acceptable a model is for a particular response; significant factors and interactions tell
which factors and interactions significantly affect a particular response;
Table 7.1.1 shows the results of the model adequacy analyses performed on each
response in Chapter 6. In each case, a linear regression model was appropriate for the
data. The normality assumption was satisfied by the raw data in all cases except
Response 6, where it needed to be transformed using a Box-Cox method to satisfy some
of the assumptions. Because this was a deterministic experiment, only one replication
was done of each of the 64 cases and therefore the constant valiance assumption had to be
verified visually from its plot. The independence assumption was clearly satisfied in six
of the either cases; in the cases where it was not clearly valid, there were some small
indications of dependence (prompting the “with reservations” designation) and need to be
examined further in future research projects.

Table 7.1.1: Results of Model Adequacy Analyses
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The preliminary list of significant factors and interactions for each response is
shown in Table 7.1.2. It is interesting to note that Factors D (overhanging feature
thickness) and E (support material status) are significant for every response, with Factor
E being the most significant factor in all of the experiments, while Factor A (laser power)
was the least often significant factor. Factor A is far more common as an ingredient in a
significant interaction term, indicating that the choice of levels the author chose for A
were not the best ones to use for this experiment.
Table 7.1.2: Significant Factors and Interactions

Out of curiosity, the effect of controlling Factor E when creating boxplots of the
responses was explored and the results for the melt pool stress and end feature
deformation are shown in Figures 7.1.5 and 7.1.6. For the melt pool stress response,
separating the boxplot by support status as well and by material is very telling; using the
support material actually increases the average stress for both materials and Figure 7.1.5
suggests that the use or not of support material could have as much or more influence on
the stress as the choice of material. The increase in stress for the supported cases does
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make sense, as the freedom of the material to deform to dissipate the stress is severely
restricted. This restriction is shown vividly in Figure 7.1.6 below, where the boxplot
suggests that the use or not of support material may actually be a more important decision
in terms of thermal deformation than the choice of material, backing up what was found
from Figure 7.1.5.

Figure 7.1.5: Boxplot of MPS with Factor E Controlled

Figure 7.1.6: Boxplot of EFD with Factor E Controlled
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The final part of this discussion is to compare the data found with that of
published experiments in order to determine if the results from this experiment make
sense. While experimental results from stress and deformation tests on SLM parts are
very hard to find due to the complexity of the process and the young age of the
technology, four of the eight responses can actually be experimentally verified using
published literature; if the results of these four are similar to the published results, it can
be safely assumed that the other responses are reasonable. The responses that can be
verified from the literature are end feature deformation for the Ti-6Al-4V case (Response
4), the melt pool stress for the 316L stainless steel (Response 5), central feature stress for
the 316L stainless steel (Response 6), and the end feature deformation for the 316L
stainless steel (Response 8).
Before comparing the data to the published results, is should be transformed to
remove the negative influence of the stress concentration. Because of the shape of the
stress concentration, it should be approximated as the flat bar concentration with fillets,

Figure 7.1.7: Stress Concentration Readings
https://law.resource.org/pub/eur/ibr/en.1999.1.3.2007.htm

as shown in Figure 7.1.7. The value of H/r is infinity, because it is a sharp corner, and the
value of r/W is effectively zero. Extrapolating the curve (best guess estimate by the
author using a ruler), the value of K should be about 5 when transforming the data to
92

remove the effects of the stress concentration. Figure 7.1.8 shows the data for the two
responses before and after transformation.

Figure 7.1.8: Transformed Stress Data

Now that the data has been transformed to remove the effects of the stress
concentration, it can be compared to the published results:
Case A: Hussein et al (2013b) did an experiment with 316L stainless steel that

Figure 7.1.9

measured to Von Mises stress in an SLM part near the melt pool and several millimeters
away from it. They give a range of Von Mises stresses near the melt pool of 80-605 MPa
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and 80-400 MPa at a distance of 5mm away. Plotting the melt pool stress found in the
experiment in this thesis with the limits found by Hussein et al. produces Figure 7.1.9,
while the results for the central feature stresses are shown in Figure 7.1.10.

Figure 7.1.10

As can be seen, the stress data gleaned from the factorial experiments in this
experiment seems very reasonable when compared to the results of the experiment by
Hussein et al. The central feature stress in particular seemed to match up well with the
results from the literature, but the results for the melt pool stress were not far off.

Case B: An experiment done by Kruth et al. (2012) took samples of Ti-6Al-4V
and 316L stainless steel and measured the deformation angle at the end of the SLM
process in order to measure stress within the parts. Their results will be compared to that
found in Responses 4 and 8. For the Ti-6Al-4V, the deformation angle ranged from 0.8 2.85 degrees which translates into a Z-direction deflection of 0.25 - 0.90 mm for the
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overhanging feature in this experiment. They found an angle of 1.5 - 2.85 degrees for the
stainless steel, which is equivalent to 0.59 - 0.90 mm for the current thesis experiment.
These ranges are compared with the results of this thesis in Figures 7.1.11 and 7.1.12.

Figure 7.1.11

Figure 7.1.12

Similarly to Case A, the results of the factorial experiments matched up well with
the published literature. In both material cases, the first half of the data fit almost exactly
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with the results from Kruth et al., while the last half was lower. This is because the
second half of the data from the thesis experiment was taken on a part with built in
support material, while the parts made by Kruth et al. did not use these supports.
When the four preliminary responses that have counterparts in the published
literature are compared against these expected values, they match up very well. What
error there is present is largely due to differences in factor levels between the published
literature and the experiment, differences in theoretical models, and uncertainty in the
material properties between the published values and those found in the course of this
study. Therefore, it is concluded that the very simple model of the SLM process
developed during this experiment is accurate and useful for the eight responses examined.
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Chapter 8: Conclusions, Recommendations, and Future Work

The present thesis was set to a four-fold mission: (1) collect information and
previous research on the topic of residual stresses in additive manufacturing, (2) to design
and set up a useful experiment to determine the influence of the chosen input factors and
their interactions, (3) run this experiment to demonstrate in detail its mechanics, and (4)
to use the results from this experiment to make preliminary conclusions about the
influence of the input factors.
The first aspect of the mission was satisfied by performing a very extensive
literature review on the chosen topic, including studies of general additive manufacturing,
powder-bed fusion AM processes, the selective laser melting process, the residual stress
issues with SLM, how stresses affect the design and manufacturing of overhanging part
features, and SLM material properties, as well as the previous research and solutions for
this topic. Upon completing this literature review, the following conclusions were made
about the state of the residual stresses problem in AM:
1. This is a very common and universal problem and has been since the very
conception of full laser melting as an additive manufacturing process.
2. Much research has been done on this problem, including some very innovative
solutions, but most of it is piecemeal, very complex, and for specific applications.
3. The problem is far from solved for the general SLM AM process case.
4. Of the three most common PBF AM processes (SLS, SLM, and EBM), SLM has
the most potential and widest application range, but is the least developed at this
point.
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5. What is still needed is a simple solution that provides the required accuracy and
precision, while being simple and intuitive enough for practicing engineers and
technicians in the industry to use regularly.
The second purpose of the present thesis was to set up the experiment to test the
chosen input factors. This was accomplished by designing a full factorial experiment to
test the influence of laser power, laser spot diameter, scan speed, overhanging feature
thickness, and the presence or absence of support material. Since it was not practical to
actually manufacture samples for this experiment, as discussed in previous chapters, a
simple heat transfer model was created for the desired geometry. The experiment itself
does not need any justification, as it followed a well-established standard textbook
procedure. The heat transfer model, however, was new and untested and needed further
study. After a detailed study of the raw data and the completion of a number of statistical
tests (in Chapter 6), it was found that the heat transfer model was surprisingly accurate in
spite of its 14 simplifying assumptions. All of the data was either within the theoretical
ranges or close enough to it so that the error could be easily explained. There were no
serious outliers or problems with the model that manifested themselves in the
experimental data. Therefore, it was concluded that the combination of the trivial heat
transfer model and the factorial experiment constitute a valid procedure for the study of
the residual stresses in overhanging SLM part features.
The third portion of this task was to run the experiment using the heat transfer
model in order to demonstrate its mechanics. While it is obvious that concrete
conclusions cannot be made from this experiment because the heat transfer model has not
been experimentally verified, the results from the experiment run made sense, were
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simple to obtain, and followed the expected procedure of a full factorial experiment. In
total, 64 cases were run and all 64 had reasonable conclusions about the important factors
and interactions. Therefore, in spite of the fact that the experiment does not have the
benefit of a large body of raw theoretical data with which to compare, the results and
conclusions drawn from it strongly indicate that the specific model designed to examine
the problem is a useful and valid way to do so.
Finally, some preliminary conclusions from the experiment were drawn. As
discussed previously, the basic theory of the problem, the combination of a heat transfer
model and factorial experiment as a valid analysis method, and the validity of the specific
model developed in this experiment have all been established. Therefore, conclusions can
be confidently made about the influence of the input factors. As discussed previously, the
feature thickness and the presence or absence of support material are the only factors that
were significant to all eight responses, while the scan speed was significant for half of the
responses; laser spot diameter and laser power were the least significant factors with only
two of the responses depending on either of them.
In conclusion, the experiment showed that the absence or presence of support
material (Factor E) has the greatest influence on all of the tested responses, particularly
the deformation responses; when support material was used, the stress readings increased
and the deformation readings decreased as would be expected. Next on the list is Factor
D, the feature thickness. As the thickness increased, the results were similar to those
found from Factor D; this makes sense, as a thicker feature is stiffer and more resistant to
deformation. Factor C (the scan speed) was important in four of the eight cases for the
levels used, while Factors A (laser power) and B (spot diameter) were the least
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significant with only two responses each. While only one of the responses was
significantly influenced by all five factors, every one of the factors was significant for at
least two responses each. This indicates that the factors selected by the author did in fact
provide useful information about the problem and that the levels chosen were acceptable
for this experiment; a possible exception to the appropriate choice of factor levels,
however, is Factor A – laser power. It was surprising that it was the least significant
among the five factors, as it logically should have a substantial influence on the
experiment. In future experiments, a wider gap in the level for laser power should be
used.
In the course of writing this thesis, two important lessons were learned:
Lesson 1: Some important keywords were left out of the literature search by accident at
the beginning of the project, leaving some gaping holes in the research and necessitating
a many-hour rewriting of the literature review portion once this was discovered. In the
future, this can be prevented by taking the time to perform a keyword search before
performing a literature review so that it only has to be performed once.
Lesson 2: Much time was lost trying to force MSC Patran® to work for the analysis
portion of the work, until it was discovered that the license agreement forbade the use of
the software for student research purposes. SolidEdge Femap® was then used, which
performed the job very well; however, the change of software and the learning curve of
using a new program delayed the analysis almost two weeks. This can be prevented in the
future by taking the time to do careful research on which software to use before
beginning analysis portion of research, not just on the problem the software will be used
to solve.
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While those are the important lessons learned, several minor “lessons learned”
incidents prompted several additional recommendations. If the author were to completely
redo the present thesis armed with the knowledge and experience gained during the
completion of it, the following steps would be recommended:
1. Complete the full literature review before proposing the topic to the committee.
2. Choose wider gaps in factor levels.
3. Identify theoretical data before performing the analysis and tune the experiment to
reproduce it. This would make a stronger experiment in a case such as this, where
experimental verification is impossible.
4. Perform a keyword search and use this to facilitate finding references (as
discussed previously).
5. Research capabilities and use restrictions on software before beginning analysis
(as discussed previously).

Several future research projects are planned to verify or extend the work done in the
present thesis, including:
1. Repeat of the present experiment to a full factorial with material case as the sixth
factor considered
2. Experimental verification and adjustment of the heat transfer model. The final
desired product is a reliable and extremely simple model for use by practicing
engineers in the industry for use when designing parts for SLM. Ideally, the
model should be simple enough to work out by hand on whiteboard while being
accurate enough to use for actual engineering design.
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3. Create similar heat transfer models for the other two PBF AM processes (selective
laser sintering and electron beam melting).
4. Use the verified heat transfer model to perform a series of factor-screening (halfor quarter-factorial) experiments for a wide variety of geometries and materials as
evidence to make the case for developing a general-case DFM methodology for
SLM parts.
5. Eventually, develop a general-case (geometry- and material-independent) DFM
methodology for the design of SLM parts, overhanging features, and support
structure designs.
6. Once this general methodology is established and verified, work on developing a
programmable version that can be used along with topology optimization to
automatically generate optimal SLM parts for specific applications.
7. Repeat #5 but develop a book-and-chart method for the same methodology for
engineers who prefer that method or do not have the budget for expensive
software to design their parts but want to take advantage of the benefits offered by
SLM.
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